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This dissertation presents the results of attempts at the exploration of 





 intercalation and the PB-modified nanoporous alumina 
membrane electrode design (PB-ME), for the development of novel PB-based 
electrochemical sensors. 
Chapter 1 presents a brief introduction to topics related to the material 





 intercalation at the PB-ME under slow scan rate cyclic voltammetry 
(CV) conditions. The results suggested the cathodic shifts of the cathodic peak 
observed in response to Na
+
 were likely result of Na
+
 inhibiting the redox 
interconversion of PB. Such influence of Na
+





 intercalation. The cathodic shifts in response to Na
+
 were also 
logarithmically dependent on the concentration of Na
+
, which facilitated the 
development of a potential PB-based electrochemical sensor for Na
+











intercalation with intention of adding-on a K
+
 analysis functionality to the PB-
ME for a potential PB-based K
+–Na+ dual-analyte sensor. Under the slow scan 




 intercalation, the shifts of the cathodic 
peak in response to K
+
 were opposite to those in response to Na
+
. Such 
















 through a two-step sequential determination 
approach.      
Chapter 4 attempts to reproducibly obtain a rare two-peak (cathodic) 
response exhibited by a few specimens of PB-MEs that had been subjected to 




, slow scan rate conditions). 
Initial attempts were impeded by the lack of peak resolution of the PB-MEs at 
higher scan rates. The two-peak response was eventually obtained using PB-
modified pencil graphite electrodes under intermediate scan rate conditions. 
The two-peak response was subsequently realized to be result of competing 
Na
+
-inhibited and direct K
+
 intercalation processes. The shifts in the pair of 




 were also found to be useful for the 




 through a one-step simultaneous 
determination approach.   
Chapter 5 explores a two-compartment hydrogen peroxide 
amperometric sensor design in which the PB-ME performed a dual-role as the 
interface between two solution-filled compartments and as the working 
electrode for hydrogen peroxide analysis. The two-compartment design 
introduced an additional solution compartment in contact with the working 
(sensor) electrode; and the response of the sensor was hence subjected to the 
influence of both compartments. Enhancements in the response sensitivity 
towards hydrogen peroxide were observed through increments in the 
concentration of K
+
; though the two entities (hydrogen peroxide and K
+
) were 
introduced in different compartments. The two-compartment sensor design 
was hence projected to be useful for the direct, straightforward analysis of 
 XII 
 
hydrogen peroxide in unmodified samples if the compartments were 
strategically used as a tuning compartment and a sample analysis compartment. 
The projected application was subsequently evaluated by measuring the 
response of the sensor towards hydrogen peroxide in ultrapure water, and 
reasonable enhancements in the sensor sensitivity result of the tuning 
compartment were observed. Finally, Chapter 6 presents a summary of the 
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1.1. Prussian blue 
1.1.1. Introduction to Prussian blue  
Prussian blue (PB), or iron hexacyanoferrate, is a coordination 
compound with many interesting chemical and physical properties which have 
been actively investigated and applied in numerous functional devices. PB, 
along with several analogous compounds such as nickel hexacyanoferrate and 
copper hexacyanoferrate, belong to a group of compounds commonly referred 
to as metal hexacyanoferrates. 
The earliest reports on PB appeared around the beginning of the 
eighteenth century [1]. The first report on the crystal structure of PB based on 
powder diffraction patterns was presented by Keggin and Miles in 1936 [2]. 
Decades later, in 1980, the crystal structure of PB was further elucidated by 
Ludi and co-workers using electron and neutron diffraction measurements on 
single crystals of PB [3]. The crystal structure of PB has been described as a 





 ions occupy a face-centered cubic lattice and are bridged by cyano (CN
-
) 
ligands (Fig. 1.1). The carbon terminals of the cyano ligands were coordinated 
to the Fe
2+
 ions while the nitrogen terminals were coordinated to the Fe
3+
 ions 
[2,4]. As a result of its interesting structure, PB has been commonly described 





1Fig. 1.1. Diagrammatic representation of the crystal structure of PB. Reproduced with 
permission from the American Chemical Society [5], copyright 1986 American 
Chemical Society, with modification.      
 
PB exhibits a rich combination of electrochromic, optical, magnetic 
and electrochemical properties. Along with its easy preparation and low cost 
[6,7], PB is an attractive candidate for a number of applications. However, the 
pH stability of PB has been of concern, particularly under alkaline conditions 
[8]. This constitutes a major drawback for PB-based applications, and much 
research has been done to improve the stability of PB [8]. Nonetheless, PB has 
been successfully applied in numerous applications as summarized in Table 1 
[6,8,9].  




The electrochemical properties of PB could be attributed to the redox-
active Fe centers within PB. In 1978, Neff presented the first report on the 
electrochemical behavior of PB after successful deposition of a thin film of PB 
on a Pt foil [10]. The cyclic voltammogram of the deposited PB film showed 
distinctly the redox activity of PB as PB was reversibly reduced and oxidized 
to Everitt’s salt (ES) and Berlin green (BG) respectively. Fig. 1.2 shows a 
typical cyclic voltammogram of a PB-modified electrode undergoing the ES-
PB and PB-BG redox interconversions. In the following years, many 
fundamental aspects of the PB electrochemistry were explored [4,5,11–13]. Of 
particular relevance to this dissertation are the aspects of size-selective 
intercalation and electrocatalytic reduction of hydrogen peroxide.  
 
 
2Fig. 1.2. Cyclic voltammogram of a PB-modified gold wire electrode in 1 N K2SO4 
solution. Scan rate = 1 mV s–1. Reproduced with permission from the American 




For the sake of subsequent discussion, the term “PB system” would 
refer to the ES–PB redox system though essentially the PB redox system 
comprises of the ES–PB and PB–BG redox systems, since the work to be 
presented in this dissertation involved mainly the ES–PB redox system.   
1.1.2. Size-selective intercalation  
The redox interconversions of PB had been found to involve the 
transport of ions and electrons characteristic of intercalation compounds [5]. 
The redox interconversion between PB and ES had been found to involve the 
inter/deintercalation of K
+













(CN)6     (1.1) 
        PB        ES 
It was also found that the intercalation process was highly size-

















in place of K
+
 revealed that the redox interconversion was 


















. Such size-selectivity was attributed to the 
zeolitic nature of PB which acted as a molecular sieve with pore radius of ca. 
1.6 Å [12]. As a result, only cations with hydrated radii (rhyd) less than the PB 
zeolitic pore radius could transport through the crystal of PB and support the 
redox interconversion, while those with rhyd larger than the PB zeolitic pore 








 (with rhyd of 
1.25, 1.28, 1.19 and 1.25 Å respectively [12,14]) are suitable intercalating 
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 (with rhyd of 2.37, 
1.84, 3.74, 3.10 and 2.88 Å respectively [12,14]) are non-intercalating cations 
(non-intercalators) of the PB system. 
1.1.3. Electrocatalytic reduction of hydrogen peroxide   
PB was also found to exhibit a catalytic activity towards the reduction 
of hydrogen peroxide and such property was attributed to the open, zeolitic 
nature of PB which allowed the movement of low molecular weight molecules, 
such as hydrogen peroxide, through the crystal lattice of PB [15]. 
1.1.4. The electroanalytical applications of PB   
Many aspects of PB electrochemistry continue to be areas of active 
research and a vast array of PB-based electrochemical sensors [6,8,16] have 
been developed. The electrochemical sensor is a subset of the chemical sensor, 
and the latter can be described as a small device capable of direct 
measurement of a target chemical species (i.e. the analyte) within the sample 
matrix [17].  
The development of chemical sensors is one of the key areas of active 
research in analytical chemistry [17]. The design of a chemical sensor 
generally consists of a recognition element and a transduction element. 
Through the interactions between the target analyte and the recognition 
element, chemical changes are produced and subsequently translated to 
electrical signals by the transduction element for measurement. The signal 
measured (i.e. the analytical signal) hence contains information on the target 
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analyte of interest. In electrochemical sensors, an electrode is used as the 
transduction element [17]. 
Amongst the various PB-based electrochemical sensors, the 
electrochemical ion-selective sensors and hydrogen peroxide sensors are of 
particular relevance to this dissertation. However, before these sensors are 
introduced, some aspects of electroanalysis fundamental to the workings of 
such sensors would first be presented. 
1.2. Electroanalysis 
1.2.1. Introduction to electroanalysis 
As an important subset of analytical techniques, electroanalysis 
focuses on the relationship between measurements of electrical quantities 
(such as current, potential or charge) and chemical parameters [17]. The use of 
such electrical measurements for analytical purposes have been successful in 
wide range of applications ranging from environmental monitoring, 
biomedical analysis, to industrial quality control [17]. Since the mid-1980s, a 
multitude of advances ranging from the coupling of biological recognition 
elements to electrochemical transducers, the development of 
ultramicroelectrodes and  ultratrace voltammetric techniques, the synthesis of 
highly selective ionophores and receptors, to the development of high-
resolution scanning probe microscopies, have further enhanced the analytical 
capability and popularity of electroanalysis. Under the scope of electroanalysis, 
numerous electroanalytical techniques, such as potentiometry, cyclic 
voltammetry, and pulse voltammetry have been established. Electroanalytical 
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techniques are generally regarded favorably as being cost-effective, simple 
and fast. As a result, electroanalytical techniques have received a significant 
amount of attention in the development of novel chemical sensors [17].        
1.2.2. Working principles of electroanalytical techniques and the 
electrochemical cell 
The range of electroanalytical techniques available can generally be 
distinguished by the type of electrical signal measured and the way the 
electrical signal is generated. The two main types are namely the 
potentiometric and potentiostatic techniques [17].  
Integral to both potentiometric and potentiostatic techniques is the 
electrochemical cell. It comprises of at least two electrical conductors 
(electrodes) in contact with a sample solution (electrolyte). One of the 
electrodes responds to the target chemical species to be measured (analyte) 
and is termed the indicator or working electrode. The other electrode serves to 
maintain a point of constant potential for reference and is thus termed the 
reference electrode. During operation, electrochemical cells can consume 
electrical energy (i.e. electrolytic) or produce electrical energy (i.e. galvanic) 
[17]. 
The potentiometric technique is a static (zero-current) technique 
whereby the chemical information about the sample is obtained from 
measurement of the potential established across a membrane [17]. Being a 
zero-current technique, the two-electrode electrochemical cell configuration is 
commonly adopted. A vast array of membrane materials with different 
analyte-recognition properties have been developed to produce highly 
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selective potentiometric sensors for the monitoring of a wide range of 










 [17].       
The potentiostatic, or controlled-potential, technique is based on the 
study of charge transfer events at the electrode-solution interface and hence 
involves dynamic (non-zero-current) situations. An applied potential at the 
electrode is used to drive an electron transfer reaction between the working 
electrode and the target analyte, and the resultant current is measured. Hence 
for the potentiostatic technique, the target analyte should be redox-active; i.e. 
able to be oxidized (by losing an electron) or reduced (by gaining an electron) 
in response to the applied electrode potential. Nonetheless, non-electroactive 
analytes could still be amenable to the potentiostatic technique via indirect 
detection strategies or derivatization procedures [17]. A three-electrode 
electrochemical cell configuration is normally adopted for potentiostatic 
techniques. The additional third electrode serves as the current-carrying 
electrode (since potentiostatic techniques involve non-zero-current situations) 
and is termed the auxiliary or counter electrode [17]. Examples of 
potentiostatic techniques include cyclic voltammetry, chronoamperometry and 
pulsed voltammetry.      
1.2.3. Introduction to selected electroanalytical techniques 
As the range of electroanalytical techniques available for analytical 
purposes is too wide and diverse to be properly addressed within the confines 
of this dissertation, the electroanalytical techniques employed in this 
dissertation have been selected for discussion instead. 
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1.2.3.1. Cyclic voltammetry 
Cyclic voltammetry (CV) is the most widely used electroanalytical 
technique for investigating the qualitative aspects of electrochemical reactions 
[17]. The strengths of CV lie in its ability to rapidly provide substantial 
information on the kinetics of electron transfer reactions, the thermodynamics 
of redox processes, and the presence of coupled reactions or adsorption 
processes. It also enables fast determination of the redox potentials of 
electroactive species and assessment of matrix effects on redox processes. As 
such, CV is often the first technique applied in an electrochemical study [17]. 
 
3Fig. 1.3. Diagrammatic representations of (a) the triangular potential waveform of the 
CV technique and (b) a typical cyclic voltammogram for a reversible redox couple. (b) 




CV is normally performed with a three-electrode electrochemical cell 
configuration under quiescent (unstirred) conditions. A triangular potential 
waveform is applied to the working electrode and that constitutes one 
complete CV cycle (Fig. 1.3a). One or more cycles might be applied 
depending on the objectives of the experiment. The electrical quantity 
measured (i.e. the analytical signal) is obtained from the current generated in 
response to the applied potential. The result of the CV experiment is normally 
presented in the form of a current-potential plot termed the cyclic 
voltammogram. A typical cyclic voltammogram expected for a reversible 
redox couple is shown in Fig. 1.3b. 
With the exception of species with more than one redox state within 
the applied potential window and species with irreversible or quasi-reversible 
characteristics, the target analyte species undergoes one redox interconversion 
during the course of one CV cycle. Depending on the initial redox state and 
the applied potential waveform, the target analyte species undergoes either 
oxidation followed by reduction, or reduction followed by oxidation. 
Assuming the analyte species is initially in the reduced state, the start potential 
of the triangular applied waveform is set at a potential where no oxidation 
occurs. A positive-going (anodic) potential sweep is then applied from the 
start potential to switching potential, and the rate of the sweep is determined 
by the applied scan rate. Between the start and switching potentials is the 
redox potential of the analyte species, hence the analyte species starts to 
undergo oxidation in response to the anodic potential sweep. The oxidation 
process is observed in the cyclic voltammogram as an oxidation current that 
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takes on a peak-shaped appearance due to the expansion of the diffusion layer 
thickness as the oxidation proceeds under quiescent conditions [17]. Beyond 
the switching potential, the direction of the potential sweep reverses and a 
negative-going (cathodic) potential sweep is applied which culminates at the 
start potential. The oxidized form of the analyte species is reduced to its initial 
state and a reduction current is registered in the cyclic voltammogram (Fig. 
1.3). The peak currents and peak positions of the anodic (oxidation) and 
cathodic (reduction) peaks are highly useful analytical signals for the CV 
technique.  
In addition to providing qualitative information, CV is also useful for 
quantitative applications. Quantitative information about the concentration of 
the target electroactive analyte species could be obtained via the Randles-
Sevcik equation which relates the CV peak current ip to the concentration of 
the electroactive analyte species at 25 
o










       (1.2) 
where n is the number of electrons, A is the electrode area (in cm
2
), C is the 
concentration of the analyte (in mol cm
–3





) and v is the applied scan rate (V s
–1
).   
With the ability to provide information about the redox potentials of 
the target analyte species, quantitative applications of the CV technique have 
also been seen in several electrochemical systems where a quantitative 
relationship exists between the redox potential and the concentration of the 
target analyte species [19,20].      
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1.2.3.2. Amperometry  
The amperometric technique is widely used in many electrochemical 
sensors for analytes ranging from hydrogen peroxide, glucose, to ethanol [16]. 
In such amperometric sensors, a selected potential is applied to the working 
electrode to effectively oxidize or reduce the target analyte. A three-electrode 
electrochemical cell configuration is normally adopted along with 
hydrodynamic (stirring) conditions. The electrical quantity measured (i.e. the 
analytical signal) is obtained from the oxidation or reduction current generated 
in response to the applied potential, and the result of the amperometric 
experiment is normally presented in a current-time plot (Fig. 1.4a). The 
oxidation or reduction current typically takes the form a flat plateau since the 
diffusion layer thickness remains unchanged with time under hydrodynamic 
(stirring) conditions [17]. Quantitation is normally achieved through the linear 
relationship between the analytical signal and the concentration of the target 
analyte (Fig. 1.4b). 
 
4Fig. 1.4. Examples of (a) the response of constant-potential amperometric sensors to 
successive additions of the target analyte (in this case, hydrogen peroxide) and (b) the 
linear relationship between the amperometric current response and concentration of 





1.2.4. Working electrodes 
The working electrode is an integral part of electroanalysis and the 
choice of the appropriate working electrode is one of the fundamental 
considerations in an electroanalytical study. Examples of factors to be 
considered in the selection of working electrodes include the electrochemical 
characteristics of the target analyte, the signal-to-noise ratio, electrical 
conductivity, mechanical properties, reproducibility, availability, cost and 
toxicity [17]. The common working electrode materials used include mercury, 
carbon, platinum and gold. For sensor applications, these materials could also 
be modified with chemical moieties (i.e. chemically modified electrodes [22]) 
to further enhance the properties of the working electrode; such as enhancing 
the selectivity towards the target analyte or the signal-to-noise ratio.   
1.2.4.1. Pt-coated nanoporous alumina membrane electrode 
The use of membranes is an integral part of many functional devices 
for a wide range of applications. Examples include chemical separations [23], 
water treatments [24], reactors [25], template-assisted syntheses [26] and 
potentiometric sensors [17]. A vast assortment of membranes with varying 
chemical compositions and pore sizes are available commercially. An example 
is the Anodisc
TM
 nanoporous alumina membranes by Whatman. These 
membranes are in the form of circular discs with thickness of 60 µm and 
diameter of 13, 25 or 47 mm. Three nominal pore sizes (with diameters of 20, 
100 and 200 nm) are available. These membranes feature a precise honeycomb 
pore structure with no lateral crossovers between individual pores, as well as a 
high pore density with narrow pore size distribution [27]. Such membranes are 
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amenable to a variety of applications [27], one of which is the template-
assisted synthesis of nanomaterials [26]. These membranes have also been 
successfully integrated with electrical contacts for electrochemical 
applications [28,29]. For transport and permselectivity studies under applied 
electrical potential, the integration of electrical contact whilst maintaining the 
open-endedness of the membrane nanochannels is highly relevant and metal 
nanotubule membranes have been developed for such purposes [28]. The 
research directions of several seniors in our lab have been focused on an 
alternative approach which involved the integration of porous electrical 
contacts to the Anodisc
TM
 membrane to preserve the open-endedness of the 
membrane nanochannels; as well as the subsequent applications of such 
membranes.   
The integration of the porous electrical contact was first investigated. 
A sputter coater was used to coat a thin layer of Pt onto each side of the 
alumina membrane (Fig. 1.5). An outer ring of ca. 1 mm thickness was left 
uncoated to prevent short-circuiting between the Pt on both sides of the 
membrane [30]. Using scanning electron microscopy (SEM) analysis, it was 
found that the method resulted in porous conductive coatings of Pt on the 
surfaces of the alumina membrane. It was also noted that the conductivity of 
the porous Pt contact increased with the duration of sputtering, along with a 
decrease in the nominal pore size. A sputtering duration of 10 min was 
eventually selected as a compromise between porosity and electrical 
conductivity [30].  
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The open-endedness of the nanochannels of such Pt-coated nanoporous 
alumina membranes were subsequently applied as the interface between two 
solutions for the transport and separation of proteins [30,31], as well as for 
size-characterization of gold nanoparticles [32].    
 
5Fig. 1.5. A diagrammatic representation (not to scale) showing the cross-sectional 
view of the Pt-coated nanoporous alumina membrane.  
 
1.2.4.2. Pencil graphite electrodes 
Along with glassy carbon, carbon paste, pyrolytic graphite, diamond 
and carbon fibers, pencil graphite electrodes (PGEs) form the group of carbon 
electrodes amenable to electroanalytical applications [17]. Also known as 
graphite reinforcement carbon, PGEs are readily available in the form of 
mechanical pencil leads and are inexpensive, which makes the PGEs an 
attractive candidate for disposable carbon electrodes. Aoki et al. explored the 
use of such mechanical pencil leads as voltammetric electrodes [33]. The 
remarkable performance in several selected evaluations prompted the authors 
to conclude that the PGEs in the form of mechanical pencil leads were 
amenable to extensive applications as voltammetric electrodes [33]. Since then, 
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application of the PGEs in electrochemical sensors has continued to be an area 
of active research [34–38].  
1.3. Introduction to selected topics in PB electroanalytical chemistry 
Having introduced the basic aspects of electroanalysis relevant to this 
dissertation, herein the relevant aspects of PB electroanalytical chemistry 
would be presented. 
1.3.1. PB-based ion-selective sensors 
One of the notable areas for the electroanalytical application of PB 
could be seen in the development of ion-selective electrochemical sensors for 








. These cations are in 
fact the intercalators of the PB system and the sensing methodology of such 
PB-based sensors is primarily based on the size-selective intercalation 
properties of PB. Based on this sensing methodology, PB-modified electrodes 
are thus amenable to the detection of the intercalating cations of PB, while the 




 are excluded. The actualization of this 
sensing methodology was first reported for K
+







 by Hartmann et al.in 1991 [40]. 
In addition to the use of the size-selective intercalation property of PB, 
the lattice contraction/expansion of PB during redox interconversion [41] has 





 [43] sensors.    
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1.3.2. PB-based hydrogen peroxide sensors 
PB is also highly useful in the development of hydrogen peroxide 
amperometric sensors. PB has been known to exhibit remarkable catalytic and 
selective properties towards hydrogen peroxide reduction [15], properties of 
which earned it the reputation of “artificial peroxidase” [44]. 
Prior to the development of PB-based hydrogen peroxide sensors, the 
detection of hydrogen peroxide by direct amperometry using conventional 
electrodes was particularly challenging. At the applied potential of at least ca. 
0.6 V vs Ag/AgCl such that hydrogen peroxide could be effectively oxidized, 
the direct amperometric detection was significantly interfered by the presence 
of easily oxidizable compounds such as ascorbate, bilirubin and urate [8]. It 
has been well established that the use of suitable redox mediators could reduce 
the potential required for amperometric detections [17]. The investigation of 
PB as a redox mediator for hydrogen peroxide was first reported by Boyer et 
al. in 1990 [45]. In 1994, Karyakin et al. demonstrated a highly efficient and 
selective PB-based amperometric sensor for hydrogen peroxide based on 
hydrogen peroxide reduction at a low applied potential of 0.18 V vs Ag/AgCl 
[46]. Subsequent optimizations further reduced the potential requirement to 
0.0 V vs Ag/AgCl, and contributions by the most common interferents such as 
ascorbate and urate could be avoided [47]. The bimolecular rate constant for 
the reduction of hydrogen peroxide by PB was also determined to be similar to 
that of the peroxidase enzyme; hence PB was termed “artificial peroxidase” 
[44] as a reflection of this combination of high catalytic activity and selectivity 
by PB for hydrogen peroxide reduction.     
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1.3.3. Prussian blue nanotubes-modified nanoporous alumina membrane 
electrode 
The Pt-coated nanoporous alumina membrane electrode had been 
applied in several earlier works involving transport and separation-based 
applications [30–32]. As a continuation of the work on the Pt-coated 
nanoporous alumina membrane electrode, the direction of my honors year 
research project was on the exploration of the Pt-coated nanoporous alumina 
membrane electrode for template-assisted synthesis of electroactive PB 
nanotubes and its subsequent application as an electrochemical sensor for K
+ 
[48]. 
1.3.3.1. Design and fabrication 
The design of the PB-modified nanoporous alumina membrane 
electrode, herein referred to as the PB-ME, was based on the template-assisted 
synthesis approach (Fig. 1.6). Using the nanochannels of the membrane as a 
template, PB was deposited within the membrane channels by 
electrodeposition using the CV technique [7]. SEM analysis of the PB-ME 
after partial dissolution of the alumina template revealed that PB was 
electrodeposited predominantly in the nanotube morphology (Fig. 1.7) [20].  
The selective formation of PB in the nanotube morphology could be attributed 
to the strong electrostatic attraction between the oppositely charged Fe(CN)6
3-
 
and the alumina wall, as well as the ring-shaped Pt base for the 




6Fig. 1.6. Diagrammatic representation (not to scale) of the template-assisted approach 
for the electrodeposition of PB nanotubes showing (a) sputter-coating of the alumina 
membrane with a porous conductive coat of Pt and (b) electrodeposition of PB 
starting from the porous Pt layer. Reproduced with permission from Elsevier [20], 
with modification.  
 
 
7Fig. 1.7. Scanning electron micrographs showing the PB nanotubes of the PB-ME in 
(a) 45
o
 tilted surface view after removal of Pt coating and partial dissolution of 
alumina template; and (b) cross-sectional view showing the deposition of PB starting 
from the porous Pt coating. Reproduced with permission from Elsevier [20], with 
modification.      
 
Analysis of the PB-ME by CV also revealed that the PB nanotubes 
within the membrane channels were electroactive. It was also found that the 
PB loading for the PB-ME was ca. 3 times higher in comparison to a PB film 
deposited on a conventional solid Pt electrode with the same geometric area 
[48]. Interestingly, the increase in PB loading was not accompanied by a 
decrease in the mobility of K
+
 within the PB lattice [20]. Measurement of the 
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apparent diffusion coefficient of K
+
 for the PB-ME revealed that it was 
comparable to that determined for a thin film of PB [20]. The results suggested 
that the PB-ME electrode design is an attractive option for the fabrication of 
PB-modified working electrodes. SEM analyses of the PB-ME were 
performed by my seniors Dr Nguyen Thi Thanh Binh and Miss Yin Thu Nyine. 
Dr Nguyen Thi Thanh Binh also performed the determination of the apparent 
diffusion coefficient of K
+
. 
The PB-ME was then further evaluated for its performance as an 
electrochemical sensor for K
+
 [48].Using the CV technique with applied scan 
rate of 50 mV s
–1
, the peak potential of the PB-ME electrode exhibited a linear 
relationship to the logarithm of K
+
 concentration with a Nernstian slope which 
was in agreement with the literature [11,39]. Using the peak potential as the 
analytical signal, the working range spanned from 0.4 mM to 0.5 M K
+
. The 








 and the 
analytical signal was not significantly interfered by the presence of these 
cations under the abovementioned analysis conditions [20].  




 under slow scan rate 
conditions 
For the CV technique, the applied scan rate is one of the key 
parameters that have a significant influence on the redox processes taking 





 was found to exert a significant influence on the CV response 
of the PB-ME towards K
+
. A pronounced cathodic shift in the cathodic peak 
position Epc was observed with increasing Na
+
 concentration (Fig. 1.8b) [48]. 
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The peaks in the voltammogram were result of K
+
 inter/deintercalation; and 
since the cathodic shifts were not observed at the original applied scan rate of 
50 mV s
–1
 [20], it was likely that under the conditions of reduced applied scan 
rate, Na
+
 had exerted a significant influence on the intercalation of K
+
 at PB. 





 in place of Na
+
, and indicated that the underlying processes 
responsible for the observations were likely to be size-selective. It was 
proposed that only cations slightly larger than the zeolitic pores of PB (such as 
Na
+
) was able to exert an influence on the intercalation of K
+
 at PB, while 




) were unable to 
do so [48].   
 
8Fig. 1.8. Cyclic voltammograms of the PB-ME showing (a) the anodic shifts in Epc in 
response to K
+
 and (b) the cathodic shifts in response to Na
+
. (c) Graph showing the 
linear dependence of Epc towards the logarithm of the concentration of the 
corresponding cation. Scan rate: 5 mV s
–1
. Reproduced with permission from 




In addition to the cathodic shifts of Epc with increasing Na
+
 
concentrations, anodic shifts of Epc was also observed in response to 
increasing K
+
 concentrations (Fig. 1.8a); and these shifts were apparently 
exhibiting a linear dependence towards the logarithm of the concentration of 
the corresponding cation (Fig. 1.8c). The magnitude of the slope of the 
logarithmic dependence of Epc towards K
+
 was also observed to be larger than 
that towards Na
+
. Based on these observations, a rudimentary empirical 






Epc = A + B log [K
+
] – mB log [Na+]      (1.3) 
where A, B and m are arbitrary constants, with m ˂ 1  
Based on Eq. (1.3), it was also projected that the observed influence of 
Na
+
 was likely to be potentially useful for a PB-based Na
+
-selective sensor, as 
well as a PB-based K
+–Na+ dual-analyte sensor [48].  
 
9Fig. 1.9. Cyclic voltammograms showing (a) the usual one-peak response and (b) the 
rare two-peak response of the PB-ME in the presence of 50 mM K
+
 and 50 mM Na
+
. 
Scan rate: 5 mV s
–1
. Reproduced with permission from National University of 
Singapore [48], with modification. 
 
  Typically, when the PB-ME was subjected to CV at a slow scan rate of 
5 mV s
–1




, a single cathodic peak would be 
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observed (Fig. 1.9a). However, in a few pieces of PB-MEs, constituting 
approximately 2 % of the total PB-MEs fabricated, there was a rare 
observation of an additional cathodic peak in the CV response under the same 
set of experimental conditions
 
(Fig. 1.9b) [48]. At that time the method for 
generating such two-peak response was unclear and the fabrication of such 
PB-MEs was totally by chance. Throughout the entire study, there were only 
two or three PB-MEs which exhibited such two-peak response. Nevertheless, 
characterization of those membrane electrodes did provide some insight into 
the rare observation. 
 
10Fig. 1.10. Cyclic voltammograms of the PB-ME showing the response of Epc1 (brown) 
and Epc2 (green) towards increasing concentrations of (a) K
+
 and (b) Na
+
. Graphs 





. Scan rate: 5 mV s
–1
. Reproduced with permission from 
National University of Singapore [48], with modification. 
 
The cathodic peak at the more anodic potential was termed the major 
peak while the other peak at the more cathodic potential was termed the minor 
peak. The peak potential of the major peak Epc1 was found to exhibit anodic 
shifts with increasing K
+





 concentrations (Figs. 1.10a and b respectively). On the other 
hand, the peak potential of the minor peak Epc2 was found to exhibit anodic 
shifts with increasing K
+
 concentrations and cathodic shifts with increasing 
Na
+
 concentrations (Figs. 1.10a and b respectively). For both Epc1 and Epc2, the 
shifts were apparently linear towards the logarithm of the concentration of the 
corresponding cation (Figs. 1.10c and d respectively). Based on these 





 concentrations were proposed [48]. 
Epc1 = C + D log [K
+
]        (1.4) 
where C and D are arbitrary constants 
Epc2 = F + G log [K
+
] – qG log [Na+]          (1.5) 
where F, G and q are arbitrary constants, with q ˂ 1 
It was also projected that such two-peak response was also potentially 
useful for a PB-based Na
+
-selective sensor, as well as a PB-based K
+–Na+ 
dual-analyte sensor.  
1.3.4. The research questions generated  
The material presented in section 1.3.3 summarizes the work 
performed during my honors year project. The influence of Na
+
 on the CV 
response of the PB-ME towards K
+
 under slow scan rate conditions was 
observed near the end of the project, and the experiments performed on that 
aspect were therefore relatively limited. This in turn generated numerous 
interesting research questions for further exploration. 
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For example, the proposed empirical equations were comprised of 
arbitrary constants which lacked physical meaning. This limitation was due to 




 that were 
responsible for the observations made. A better understanding of the 
interactions involved would be helpful.   
In addition, potassium and sodium are physiologically important and 
closely related [49].
 
Relative levels of these two cations have been shown to 
be relevant in understanding health conditions such as cardiovascular disease 




 are routinely performed 
using atomic absorption methods. On the other hand, electrochemical methods, 
with their potential for rapid and simple analysis, have seen increasing use in 




 in clinical settings since the 1980s [52,53]. 





 for the development of PB-based K
+–Na+ electrochemical sensors is 
attractive.    
However, the process of method development for sensors based on 
non-conventional sensing methodologies is relatively elaborate. It usually 
begins with attempts at generating the desired interactions between a material 
(the sensing element) and the target analyte; followed by the identification of a 
measurable quantity (the analytical signal) that is related to the target analyte. 
A working equation is then established to relate the analytical signal to the 
amount of the target analyte. A procedure is then developed, based on the 
working equation, to enable the determination of the target analyte 
experimentally. The procedure is then validated for figures of merit such as 
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accuracy, precision, reproducibility, selectivity and interference [54]. In the 
strictest sense, method development for sensors is an on-going, application-
specific process; since the figures of merit could vary from application to 
application. Based on these considerations, although favorable interactions 
between PB and Na
+
 had been generated and a potential analytical signal had 
been identified, the projected applications for a PB-based Na
+
 sensor, and a 
PB-based K
+–Na+ dual-analyte sensor, required further investigation. 
Further, the rare observation of the two-peak response was also in need 
of further exploration. Finally, though the PB-ME electrode design had been 
found to be potentially useful as a PB-modified working electrode for the 
development of PB-based K
+
 sensors, applications in other areas of PB-based 
sensors, such as hydrogen peroxide sensors, could be further explored to 
extend the analytical utility of the PB-ME electrode design.  
These research questions were eventually explored during my PhD 
candidature and the results are presented in the subsequent chapters of this 
dissertation.   
1.4. Research scope 
The general research direction for the work presented in this 
dissertation is the development of novel electrochemical sensors based on PB. 
More specifically, the work performed is focused on the exploration of two 





intercalation at PB and the PB-ME electrode design.  
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 intercalation at PB under slow scan rate 
CV conditions was a very recent observation with limited information and a 





 intercalation at PB was selected as a core area to be explored in this 
dissertation.       
The PB-ME electrode design was a recent extension of the Pt-coated 
nanoporous alumina membrane electrode. The initial study on the PB-ME had 
indicated that the PB-ME afforded a high loading of PB nanotubes with facile 
mobility of K
+
 within the lattice of PB; properties of which made it a 
potentially attractive design for a PB-modified working electrode. However, 
that initial study had been limited to the investigation the CV response of the 
PB-ME towards K
+ 
due to the intent of evaluating the PB-ME as a PB-based 
K
+
 sensor. The PB-ME electrode design was projected to be potentially useful 
in other PB-based electroanalytical applications; hence the PB-ME electrode 
design was selected as another core area of exploration for the purposes of 
extending the analytical utility of the PB-ME. 
The outline of the dissertation could be represented diagrammatically 
by Fig. 1.11: 




 intercalation at PB, as well as the 
utilization of such influence for PB-based Na
+
 determination, was explored in 
Chapter 2 using the electrochemical technique of CV and the PB-ME as the 





11Fig. 1.11. A diagrammatic representation of the outline of this dissertation.  
 
The results of Chapter 2 suggested it was likely that Na
+
 had inhibited 
the intercalation of K
+



















 was subsequently evaluated in Chapter 3.    
The rare two-peak CV response observed in a minute percentage of 




, as well as the utilization of such a 




, was then explored 
in Chapter 4. Initial efforts were impeded by the inadequate peak resolution of 
the PB-ME under increased applied scan rates, but the issue was eventually 
resolved using the PB-modified pencil graphite electrode.  
The application of the PB-ME as an interface-electrode in a two-
compartment amperometric sensor design for the analysis of hydrogen 
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peroxide was then explored in Chapter 5. The PB-ME was assigned with dual-
functions of being the interface between two solution-filled compartments and 
being the working electrode for the reduction (and analysis) of hydrogen 
peroxide. The two-compartment sensor introduced an additional solution 
compartment to the electrochemical cell and the potential analytical utility of 
the additional compartment for the direct analysis of hydrogen peroxide in 
samples without prior modification was explored.  
Chapter 6 concludes this dissertation with a summary of the results 


















 intercalation at 











 intercalation at Prussian blue and its 





One of the key considerations in the development of chemical sensors 
is the generation of the desired interactions between the recognition element 
and the target analyte. The design of a chemical sensor generally consists of a 
recognition element and a transduction element; and the ability of the sensor to 
perform measurements of the target analyte relies on the ability of the 
recognition element to interact selectively with the target analyte to produce 
the relevant changes for subsequent transduction and measurement.  
The size-selective interactions of PB with intercalating cations form 
the basis of the majority of the PB-based ion-selective sensors reported in the 
literature [6,16]. In these sensors, the analytical signal is derived from the 
inter/deintercalation of the intercalating cation at PB as described by the 












−        
(2.1)
 
          ES         PB 
where M = K, Rb, Cs or NH4  
Based on this sensing methodology, PB-based ion-selective sensors 








[39,40]; which are the 
intercalating cations of the PB system. To extend the scope of PB-based ion-
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selective sensors beyond the intercalators of PB, it would be desirable to 
explore other potentially useful PB-cation interactions [41,42].  




 under slow scan rate CV 
conditions are potentially useful for the development of a novel PB-based ion-
selective sensor for Na
+
. The development of a PB-based Na
+
 sensor is 
interesting as it extends the scope of PB-based ion-selective sensors. Na
+
 has 
been considered as a non-intercalating cation for the PB system [11–13] and is 
therefore outside of the scope of the conventional PB-based sensors based on 
Eq. (2.1). The presence of an additional PB-cation interaction also opens up 
the possibility of a PB-based dual-analyte ion sensor, and this would be 
explored in the next chapter.    
In addition to extending the scope of PB-based ion-selective sensors, 
the development of a PB-based Na
+
 sensor is useful since Na
+
 is 
physiologically important and the determination and monitoring of Na
+
 are 
highly relevant to clinical diagnosis and treatment [55–57]. The physiological 
importance of Na
+
 also results in the need to monitor Na
+
 in foods [58]. The 
monitoring of Na
+
 is also relevant in irrigation water [59] and groundwater 
sources [60,61].     
This chapter presents the development of a PB-based electrochemical 
sensor for Na
+





slow scan rate CV conditions. The PB-ME, which has been previously found 
to be a suitable PB-modified working electrode for the investigation of the CV 
response of PB in the presence of K
+
 [20], was selected as the working 
electrode for this study. The CV response of the PB-ME towards Na
+





 was first characterized for the identification of a suitable 




 were further 
investigated and a mechanism was proposed based on an inhibition model. 
From this model a working equation relating the analytical signal to the 
concentration of Na
+
 was derived. The basic considerations for the application 
of the PB–Na+–K+ interactions for Na+ determination were evaluated and an 
experimental method for actualizing the determination of Na
+
 was proposed. 
The proposed Na
+
 sensing methodology was then evaluated in a proof-of-
concept study involving the determination of Na
+
 in a prepared water sample 
with a composition similar to the composition of the major cations in a local 





2.2.1. Chemicals and materials  
Potassium ferricyanide (Merck), ferric chloride (GCE), potassium 
chloride (Scharlau), sodium chloride (GCE), hydrochloric acid (37%, VWR 
International) and Tris buffer (1 M, pH 7, 1
st
 Base) were used as received. All 
solutions were prepared in Milli-Q ultrapure water (Millipore). Nanoporous 
alumina membranes (Anodisc
TM
, 13 mm diameter, 200 nm pore size) were 
obtained from Whatman (Maidstone, Kent, UK). All other chemicals were of 
analytical grade and used without further purification.  
                                                          
* 
Most of the material to be presented in the subsequent parts of this chapter is part of a report in 
Electrochimica Acta [62] and the provisions granted by Electrochimica Acta and Elsevier for the 




Electrochemical measurements were performed with an eDAQ e-
corder/potentiostat using a 3-electrode cell comprising a working electrode, in 
the form of either the Pt-coated nanoporous alumina membrane electrode or 
the PB-ME electrode, followed by an Ag/AgCl (1 M KCl) reference electrode 
and a platinum wire auxiliary electrode. The sputter-coating of Pt was done 
with a JEOL Auto Fine Coater (JFC-1600). 
2.2.3. Sensor fabrication 
The fabrication of the PB-ME electrode sensor was similar to the 
method used in an earlier study [20]. The commercially available Anodisc
TM
 
alumina membranes were first integrated with a porous Pt contact to form the 
Pt-coated alumina membrane electrode. The Pt-coated alumina membrane 
electrode then served as the template for the deposition of PB nanotubes to 
form the PB-ME electrode sensor. 
2.2.3.1. Fabrication of the Pt-coated nanoporous alumina membrane 
electrode 
One side of the nanoporous alumina membrane was sputter-coated 
with a porous, conductive layer of Pt to form the Pt-coated alumina membrane 
electrode. The sputtering was performed with a sputtering current of 20 mA 
and sputtering duration of 10 min.  
2.2.3.2. Fabrication of the PB-ME electrode sensor 
The Pt-coated alumina membrane electrode was then used as the 
working electrode and subjected to CV potential cycling between –0.5 V and 
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0.6 V for 15 cycles with applied scan rate of 50 mV s
–1 
in a solution of 
potassium ferricyanide (5 mM), ferric chloride (5 mM), potassium chloride 
(0.1 M) and hydrochloric acid (0.01 M). As a result, PB nanotubes were 
electrodeposited within the nanochannels of alumina membrane to form the 
PB-ME electrode sensor (Fig. 1.7).  
2.2.4. Characterization of the sensor response towards Na
+ 
To characterize the response of the PB-ME towards Na
+
, an 
appropriate background level of K
+
 was first added to the supporting 




 were introduced 
in the form of their chloride salts. The PB-ME was used as the working 
electrode and subjected to CV potential cycling between –0.2 V and 0.6 V 
with the cathodic peak position Epc under applied scan rate of 5 mV s
–1
 as the 
analytical signal. The changes in the analytical signal Epc in response to 
changes in the concentration of Na
+
 were recorded.    
2.2.5. Analysis of Na
+
 in the prepared water sample 
A water sample was prepared with a composition of Na
+
 (39.4 mM), 
K
+
 (9.6 mM), Mg
2+
 (4.7 mM) and Ca
2+
 (1.3 mM), in accordance with the 
concentration levels of the major cations found in the newly constructed 
Marina Barrage reservoir that was undergoing desalting into a freshwater 
reservoir. The data was provided by the Public Utilities Board of Singapore 
and their assistance is gratefully acknowledged. The concentration of the 
supporting electrolyte (Tris pH 7 buffer) was 1.0 M. Determination of the Na
+
 
concentration was carried out using CV and the method of standard addition 
after raising the background K
+







 were introduced in the form of their chloride salts. The scan range of the 
CV technique was from –0.2 V to 0.6 V with scan rate of 5 mV s–1. The 
analytical signal recorded was the cathodic peak position Epc. The stock 
solution for the standard additions of Na
+
 comprised of 2.0 M NaCl in 1.0 M 
Tris pH 7 buffer. Triplicate analyses of the prepared water sample were 
performed.  
2.3. Results and discussion 
2.3.1. CV response of the PB-ME
 




 under slow scan rate 





 were indeed markedly different (Fig. 2.1). Anodic 
shifts of the cathodic peak position Epc was observed in response to increasing 
K
+
 concentrations, while the opposite response (i.e. cathodic shifts) was 
observed in response to increasing Na
+
 concentrations.  
 
 
12Fig. 2.1. Typical CV responses of the PB-ME showing (a) the anodic shifts of Epc 
with increasing concentrations of  K
+
 and (b) the cathodic shifts of Epc with increasing 
concentrations of  Na
+
. Scan rate: 5 mV s
–1
. The background level of K
+
 applied in (b) 
was 0.5 M. Reproduced with permission from Elsevier [62]. 
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Although the directions of the shifts in Epc were different, the differing 




 shared a common trait in that the 
shifts in Epc were linearly dependent on the logarithm of the concentration of 
the cation responsible for the shifts. Another interesting observation was the 
difference in the magnitudes of the slopes of the logarithmic dependence 
towards K
+
 in the absence and presence of Na
+
 (Fig. 2.2). In the absence of 
Na
+
, the slope of the logarithmic dependence of Epc towards K
+
 was ca. 60 mV, 
which was similar to the expected Nernstian slope reported in the literature 
[11,13,39]. However, the slope of the logarithmic dependence of Epc towards 
K
+
 in the presence of Na
+
 was ca. 120 mV, twice the value of the slope 
obtained in the absence of Na
+
. That observation, along with the observed 
logarithmic dependence of Epc towards Na
+
 with a slope of ca. –59 mV, were 





 under slow scan rate CV conditions could be further explored. 
Therefore, the next phase of the work was to explore the details of the 











The peaks in the cyclic voltammogram of Fig. 2.1a have been 
attributed to the process of K
+
 inter/deintercalation at PB as described by Eq. 
(2.1) [11–13]. For Na+, it has been known from the literature and the results of 
previous study, that Na
+
 was a non-intercalator that did not support the PB-ES 
redox interconversion and no inter/deintercalation peaks could be sustained 
when PB was subjected to CV in a solution containing Na
+
 alone [11,12,20]. 
Thus the peaks observed in the cyclic voltammograms of Fig. 2.1b were also 
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the result of the inter/deintercalation of K
+
 at PB. Further, the observed 
cathodic shifts of Fig. 2.1b suggested that Na
+
 was likely exerting an influence 
on the K
+
 inter/deintercalation process at PB. 
 
13Fig. 2.2. Graph showing the typical linear dependences of Epc towards (a) the 
logarithm of K
+
 concentration in (i) absence of Na
+
 with slope of ca. 60 mV (ii) 
presence of 50 mM Na
+
 with slope of ca. 120 mV; and (b) the logarithm of Na
+
 
concentration in presence of (i) 5, (ii) 50, and (iii) 500 mM K
+
 with average slope of 
–59 ± 1 mV. Scan rate: 5 mV s–1. Reproduced with permission from Elsevier [62]. 
 
In an attempt to investigate the phase in the CV cycle where Na
+
 exerts 
its influence on K
+
 inter/deintercalation, the PB-ME was subjected to CV in 




 being spiked in at representative points of the CV 
cycle (i.e. before and after the anodic and cathodic peaks). The cathodic shift 
of Epc was observed only when Na
+
 was added before the anodic peak (Fig. 
2.3), thus suggesting that it was likely that Na
+
 exerted its influence during the 
oxidation of ES to PB. It has been reported by Scholz et al. that the iron 
hexacyanoferrate lattice contracted during the oxidation of ES to PB; and this 






, within the lattice 
in its PB state, thereby inhibiting the subsequent PB-BG redox interconversion 






 were able to be entrapped within 
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the contracted lattice in the PB form as they were very similar in dimensions 
to the interstitial sites of the lattice. In comparison, K
+
 remained unaffected by 
the contraction and was able to participate in the PB-BG redox interconversion 








 are ca. 91, 96, 
101 and 102 % relative to the radius of the interstitial site of the contracted PB 
lattice respectively [41]. 
 
14Fig. 2.3. Comparison of the CV responses of the PB-ME in the presence of 50 mM 
K
+
 before (first cycle, line in black) and after 50 mM Na
+
 was spiked (second cycle, 
line in white) at selected phases of the potential cycle: (a) before the anodic peak, (b) 
after the anodic peak, (c) just after the switching potential, (d) before the cathodic 
peak, (e) after the cathodic peak. Scan rate: 5 mV s
–1
. Reproduced with permission 
from Elsevier [62]. 
 






From the information obtained thus far, as well as from reports in the 
literature, attempts were made at conceptualizing a model to assist in the 
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 under slow scan 
rate CV conditions. 




(rhyd = 1.84 Å) is only slightly larger than the nominal 
zeolitic pore size of PB by ca. 15 %, it is highly likely for Na
+
 to be trapped by 
the lattice contraction during the oxidation of ES to PB. However the nature of 
the entrapment of Na
+











 have been well-established as 
intercalators in the ES–PB redox interconversion [11,12]. This was also 







by the lattice of PB hindered the PB–BG 
redox interconversion, the ES–PB redox interconversion remained unaffected 
[41–43]. On the other hand, Na+ was a non-intercalator that did not sustain the 
inter/deintercalation peaks in the cyclic voltammograms of PB [11,12,20]. 
Hence the nature of the trapping of Na
+
 by the lattice contraction during the 













, it has been proposed that these cations were 
able to intercalate deep into the iron hexacyanoferrate lattice similar to other 
intercalators; though eventually these intercalated cations was trapped by the 
reduced dimension of the interstitial sites of the PB lattice [41–43].  
For the case of Na
+
, it is likely that the trapping occurred at the 
interface between the iron hexacyanoferrate lattice and the bulk solution. The 
reason for this postulate is that if Na
+
 were to be trapped deeper into the iron 









corresponding to inter/deintercalation would be observed in the cyclic 
voltammograms; and this would be in contradiction with the experimental data 
and reports in the literature.  
The redox interconversion between ES and PB has been treated as a 
solid solution [5,11,13]. From Eq. (2.1), a logarithmic dependence of the 
electrode potential towards K
+
 with a Nernstian slope (59.2 mV, theoretical, 





process [11,13,39]. Based on the relevant slopes obtained in the current study 
for the ES–PB redox interconversion in the presence of K+ and Na+ (i.e. slopes 
of ca. 120 mV towards K
+
 concentration and ca. –59 mV towards Na+ 
concentration), it appeared that the PB–K+–Na+ interactions under slow scan 






 process. The opposite signs 




 were likely to 
be in opposite directions, so a 2K
+
: –1Na+: 1e− process might be a better 
representation. 
In addition, comparative CV studies carried out on a PB electrode in 
the presence of K
+
 and non-intercalating Li
+
 (rhyd = 2.37 Å) revealed that other 
than the reduction in peak height that was attributed to the blocking effect of 
Li
+
 [11,13], the cathodic peak position Epc remained unchanged in response to 
increasing Li
+
 concentration. Along with earlier findings that Mg
2+
 (rhyd = 3.47 
Å) and Ca
2+
 (rhyd = 3.10 Å) did not cause the cathodic shifts in the Epc 
corresponding to the K
+





 inter/deintercalation was the result of a highly size-
selective interaction. It appeared that such interaction required a cation with a 
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hydrated radius that was just slightly larger than the nominal zeolitic pore 
radius of PB. Based on the experimental results available, an approximate 
gauge of the cationic hydrated radius that could be considered as “just slightly 
larger” would be between 1.6 Å (the nominal radius of the zeolitic PB pore) 
and 2.37 Å (hydrated radius of Li
+
).     
There has been many interesting studies conducted on the redox 
interconversions of metal hexacyanoferrates and the accompanying 
inter/deintercalation processes. These include the nearest neighbor, site-site 
interactions [63,64] of surface adsorbed species which was used to describe 





 in a PB analogue (nickel 
hexacyanoferrate, where Na
+
 is an intercalator) [65]. In another reported work, 
simultaneous measurement of electrochemical impedance, color and mass 
impedance had revealed two different sites for the exchange of K
+
 during the 
reduction of PB to ES [66]. A transition state during the PB–ES redox 
interconversion that preceded the electron transfer between neighboring unit 
cells and the processes of inter/deintercalation had also been identified [67,68].    
2.3.3.2. The proposed model for the apparent 2K
+
: –1Na+: 1e− process  
Based on reports of significant contraction in the iron hexacyanoferrate 
lattice during the oxidation of ES to PB [41–43], presence of site-site 
interactions in PB [63,64], different sites for K
+
 intercalation [66] and the 
existence of a transition state which preceded ion-exchange processes [67,68], 
herein a model was proposed to describe the apparent 2K
+
: –1Na+: 1e− 
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 occurring under slow scan rate CV 
conditions. 
The model proposed that the initial oxidation of ES to PB involved a 
transition state where the iron hexacyanoferrate lattice was undergoing 
contraction from the ES to PB form. As Na
+
 was very similar in dimension to 
that of the zeolitic PB pore, it was incorporated by the iron hexacyanoferrate 
lattice near the interface between the lattice and the bulk solution. Meanwhile, 
deintercalation of K
+
 from the contracting transition state species was taking 
place in an attempt to maintain charge neutrality in response to the oxidation 
process. However, the incorporation of Na
+
 prevented further contraction and 
the conversion of the transition state species to PB was inhibited. The 
transition state species thus reverted back to the ES form with acceptance of 
an electron from a neighbouring site within the lattice, which in turn led to the 
deintercalation of another K
+
 from the neighbouring site. Fig. 2.4a is a 
diagrammatic representation of the sequence of interactions involved. Overall, 




, the model yielded the 2K
+: −1Na+: 1e− process 
for the interconversion between ES and PB in agreement with the 
experimental observations made in this study. In the absence of Na
+
, the 
contracting transition state species contracted successfully to the PB form with 
deintercalation of K
+
 to maintain charge neutrality (Fig. 2.4b); hence resulting 




 process.  
For the sake of discussion, the proposed model would henceforth be 
referred to as the “inhibition model”. This nomenclature was selected since the 
role of Na
+
 in the proposed model was the inhibition of the contraction of the 
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 process.  
 





 intercalation process and (b) the direct K
+
 intercalation process. 
Reproduced with permission from Elsevier [69]. 
  
Further, to distinguish the two inter/deintercalation processes that 
occur with (Fig. 2.4a) or without (Fig. 2.4b) the participation of Na
+
, 
henceforth the former process would be referred to as “Na+-inhibited K+ 
intercalation” to reflect the roles of Na+ and K+; while the latter process would 
be referred to as “direct K+ intercalation”. Though essentially the 
abovementioned processes involved intercalation and deintercalation of K
+
 in 
response to the potential cycling of the CV technique, the “deintercalation” 
term was removed from the nomenclature for the sake of brevity.  
2.3.3.2.1. Some aspects of the proposed model  





as described by the inhibition model, herein some aspects of the inhibition 
model are presented. 
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The process of incorporation proposed in this model was markedly 
different from the process of intercalation. In the process of intercalation, the 
intercalating species was able to move unrestricted through the entire lattice 
and thereby support the ES–PB redox interconversion [5,11,13,41–43]; 
whereas in the process of incorporation the movement of the incorporating 
species was restricted to the part of the lattice that interfaces with the bulk 
solution. The lack of sufficient interaction with the entirety of the lattice (in 
comparison to the intercalation process) prevented the incorporating species 
from supporting the ES–PB redox interconversion. Thus in the proposed 
inhibition model, Na
+
 (the incorporating species) retained the basic 
characteristic of a non-intercalator, which is in line with the experimental data 
and the literature reports of Na
+
 as a non-intercalator. The model also 







) were unable to exert an influence similar to Na
+
; since 
although the incorporating species is non-intercalating, it should not be too 
large relative to the zeolitic pore of the lattice such that it could not be caught 
by the contraction of the lattice.    




 intercalation process was likely to be 
slower than the direct K
+







 intercalation was not observed under fast scan 
rate CV conditions [20]. With comparison to the interactions involved in direct 
K
+





intercalation involving the Na
+
-incorporated iron hexacyanoferrate species 
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were slower compared to their counterparts in the direct K
+
 intercalation 
process (Fig. 2.4).  
However, similar to those of direct K
+





 intercalation were likely to be reversible as well. 




 concentrations of the 
solution in which the PB electrode was immersed and effects of previous 




 concentrations were not observed; thus 
suggesting the interactions involving the Na
+
-incorporated iron 
hexacyanoferrate species were reversible under the applied experimental 
conditions. 
   From the results thus far, it could be seen that Na
+
 was subtly 
different from the other non-intercalators of the PB system in terms of the 
interactions with PB under slow scan rate CV conditions. Thus, to distinguish 
Na
+
 from the other non-intercalators, Na
+
 would be referred to as an 
“inhibitory non-intercalator” which describes the ability of Na+ in inhibiting 
the contraction of the iron hexacyanoferrate lattice, whilst the rest of the non-
intercalators would continue to be referred to as “non-intercalators”.    
2.3.3.3. Derivation of a working equation relating Epc to Na
+
 concentration 
To derive a working equation relating the analytical signal Epc to the 
concentration of Na
+
, the inhibition model could be represented by the 
following reaction scheme which is more suited for mathematical treatments 




16Fig. 2.5. The reaction scheme for the proposed inhibition model. Reproduced with 
permission from Elsevier [62]. 
The multiple equilibria presented in the reaction scheme could be 
described by the following equations: 
      (2.2) 
A Nernst relation can be written for the initial conversion of the ES 
form to the oxidized K
+
-intercalated transition state [PB(K)
+










EE       (2.3) 
 
Herein, with the assumption of rapid electron transfer between the 
electrode and the redox-active iron centers of the iron hexacyanoferrate lattice, 
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along with comparatively slower ion-exchange processes within the lattice, the 
amount of ES(K) transformed into the transition state species PB(K)
+
* during 
every voltammetric cycle remained relatively unchanged. Thus, the total 
concentration of PB species which arise from this initial transition state 
species, together with concentration of ES(K) species, could be regarded as 
constants.  
The amount of K
+
-intercalated transition state [PB(K)
+
*|ES(K)] could 
be expressed in terms of the total concentration of PB-containing species [PBT] 
and the equilibrium constants in Eq. (2.2). Subsequent substitution into Eq. 





















E     (2.4) 
where α = KI[Na
+
] + Km and β = KIK′m and and A incorporates constant terms 
including [PBT], [ES(K)|ES(K)], Eref and E
0′.   
 
Following graphical reciprocal plot methods for the evaluation of 










] to derive 
the unknown parameters. To derive the values of the parameters α, β and A in 
Eq. (2.4), a set of CV experiments was carried out in which the responses of 
Epc towards changing K
+
 concentrations were measured in five backgrounds of 
constant Na
+












] plots (Fig. 2.6a) and subsequent secondary plots of 
these slope (α/A) and vertical intercept (β/A) parameters versus the 
concentration of Na
+
 (Figs. 2.6b and c) gave KI/Km and K′m as 4.8 M
–1
 and 3.8 
M respectively.  The value of A was obtained using non-linear curve fit at zero 
Na
+
 concentration, which in turn gave KI and Km values of 9.5 and 2.0 M 
respectively. These equilibrium constant values were input into Eq. (2.4) and 
subsequently applied to two sets of experimental data measuring the responses 
of Epc in response to changes in Na
+
 over a wide range of concentration values 
(0.1 mM to 1.5 M) in three constant K
+
 backgrounds of 5, 50 and 500 mM. 
Satisfactory agreement was found between the theoretical and experimental 
data (Fig. 2.7), which indicated that the proposed inhibition model was 




 intercalation. The work on 
the use of graphical methods for the determination of the numerical values of 
the parameters in Eq. (2.4) was performed by my colleague Miss Huang Yan 
and her assistance is gratefully acknowledged. 
In addition, the β[Na+] + α[K+] + [K+]2 term in Eq. (2.4) could be 













E       (2.5) 
Eq. (2.5) projected a linear relationship of Epc towards the logarithm of Na
+
 
concentration with a Nernstian slope. Such a relationship was indeed observed 
over a considerable range of Na
+
 concentrations (Fig. 2.2), thus suggesting the 
simplified equation Eq. (2.5) was relevant and useful as a working equation 
 51 
 
for the determination of Na
+
 within specific ranges of Na
+
 concentrations 
where Eq. (2.5) is applicable (herein referred to as the linear working range). 
The linear working ranges were determined to be 0.8 to 23.7, 4.2 to 114 and 
34 to 770 mM Na
+
 in three selected background K
+
 concentrations of 5, 50 
and 500 mM respectively. The dependence of the working range for Na
+
 
determination on the background concentration of K
+





 intercalation being a process that required a 






17Fig. 2.6. Graphical reciprocal plot method for the determination of the parameters in 
Eq. (2.4). showing (a) primary plot to determine the slope (α/A) and vertical intercept 
(β/A) and subsequent secondary plots of (b) α/A and (c) β/A against the concentration 
of Na
+
. Scan rate: 5 mV s
–1





18Fig. 2.7. Comparison of experimentally obtained values of Epc against the theoretical 
response (solid lines) calculated from Eq. (2.4) for two sets of experimental data in 
three K
+
 backgrounds of 5, 50 and 500 mM. Scan rate: 5 mV s
–1
. Reproduced with 
permission from Elsevier [62]. 
 
2.3.4. Development of a method for Na
+






Having determined the working equation relating the analytical signal 
Epc to the concentration of Na
+
, the next phase of the work was to choose and 




 intercalation for exploring the 
development of a PB-based electrochemical sensor for the determination of 
Na
+
. In electrochemical sensors where the electrode potential is used as the 
analytical signal for the determination of cations or anions, two methods of 
determination are commonly employed. The method of external standards 
involves measurements of the electrode potential in a range of prepared 
standards with known concentrations of the target analyte in order to generate 
a calibration curve. The electrode potential of the sensor in the sample solution 
is then measured and compared with the calibration curve to determine the 
concentration of the target analyte in the sample [54]. On the hand, the method 
of standard addition involves measurements of the analytical signal before and 
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after a known amount of the target analyte has been added (i.e. standard 
addition) to a sample for which the concentration of the same target analyte is 
to be determined. One or more standard additions can be applied to the sample 
for the determination of the target analyte [54]. 
A survey of the response of Epc towards Na
+
 in Fig. 2.2 revealed that 
the method of external standards was not feasible in practice. The solid lines in 
Fig. 2.2 provides a glimpse of the calibration curves required for the 
determination of Na
+
 using the method of external standards. The calibration 
curves consisted of multiple parallel and segmented lines, each corresponding 
to a different background concentration of K
+
. These are in stark contrast to 
the single continuous calibration line seen in common potentiometric sensor 
electrodes [17]. As a consequence of these segmented calibration curves, the 
concentration of K
+
 in the sample must be determined beforehand in order to 
generate the appropriate calibration curve for the determination of Na
+
 using 
the method of external standards. Thus the method of external standards is not 





intercalation for the determination of Na
+
.   
For the method of standard addition, a key requirement is that the 
analytical signal has a linear relationship to concentration of the target analyte 
[54]. The method of standard addition has also been adapted for application in 
systems with logarithmic dependences [52]; such as the system explored in 
this work and many other potentiometric ion-selective electrodes where the 
analytical signal displays a logarithmic dependence towards the concentration 
of the target analyte [17]. The generic form of the standard addition equation 
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can be expressed as y = mx, where m is constant of proportionality, x is the 
concentration of the target analyte and y is the analytical signal. The method of 
standard addition can be adapted for systems with logarithmic dependences 
through the rearrangement of the working equations of such systems into the 
generic y = mx form. For example, the general working equation of an 
electrode system with analytical signal B that displays a logarithmic 
dependence to the concentration of a target analyte c can be expressed as: 
B = D log(c)          (2.6) 
where D is a constant of proportionality commonly referred to as the electrode 
slope. 
Rearrangement of Eq. (2.6) then yields Eq. (2.7) which is in the generic y = 
mx form:   
10
(B/D)
 = c         (2.7) 
An additional requirement resulting from this adaptation is that the 
electrode slope needs to be determined beforehand since the electrode slope is 





intercalation, the analytical signal Epc displayed good linearity towards the 
logarithm of Na
+
 concentration and the electrode slope was Nernstian and 
consistent at ca. –59 ± 1 mV in different K+ backgrounds of 5, 50, and 500 
mM (Fig. 2.2). This suggested that the electrode slope was not dependent on 
the background concentration of K
+
. Thus unlike in the method of external 
standards where there is a need to determine the background concentration of 
K
+
 in the sample, the method of standard addition could work even if the 
background concentration of K
+
 was unknown. Hence the method of standard 
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addition was chosen for actualizing the determination of Na
+





 intercalation.  
Rearrangement of the working equation Eq. (2.5) into the generic y = 



















      (2.8) 
The determination of Na
+
 in the sample could be achieved using graphical 
methods [52,69]. The values of the analytical signal Epc before and after the 
standard additions of Na
+
 into the sample were input into Eq. (2.8) and 








 against the concentration of Na
+
 added was 
generated. The concentration of Na
+
 in the sample was then determined from 
the horizontal intercept. The total number of standard additions of Na
+
 per 
analysis was chosen to be two based on several considerations. Multiple 
standard additions has the advantages of reducing the random error in the 
analysis, as well as to ascertain that the analysis had been performed within 
the linear working range where Eq. (2.5) was applicable. On the other hand, 
multiple additions of the Na
+
 standard solution inevitably results in the 
dilution of sample and the lowering of the background K
+
 concentration 
within the sample. As Epc is also dependent on the concentration of K
+
, such 
lowering of the background K
+
 concentration is expected to contribute some 
systematic error to the determination of Na
+
. Thus as a compromise, the 
number of standard additions was chosen to be two, so that a total of three data 
points was generated per analysis to assist in reducing the random error and 
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for ascertaining that the analysis had been performed within the linear working 
range. Additionally, the Na
+
 standard solution was prepared in high 
concentration (2 M Na
+
) so as to minimize the dilution of the sample. 
The developed method for Na
+





intercalation at PB was then subjected to a proof-of-concept study to evaluate 
its potential as a PB-based electrochemical sensor for Na
+
. In Singapore, there 
has been a recent construction of a freshwater reservoir, the Marina Barrage, 
by the construction of a dam over the mouth of the Marina Channel to keep 
out seawater. The water in the reservoir was originally a mix of freshwater and 
seawater; and the transition to a freshwater reservoir was ongoing via 
desalting by natural replacement with rainwater at around the time of this 









) are one of the measures taken to monitor this transition. The 
proof-of-concept study involved the determination of Na
+
 in a prepared water 
sample mimicking the major cation composition of the Marina Barrage 
reservoir. With the information provided by the Public Utilities Board of 








 (39.4, 9.6, 1.3 and 4.7 
mM respectively) was chosen for the preparation of the test sample. 
The proof-of-concept study was conducted with the primary objective 





 intercalation as the interaction between the 
recognition element and the Na
+
 target analyte, standard addition as the 
method of determination and the cathodic peak position Epc under slow scan 





 in the test sample with satisfactory accuracy and 
precision. An assessment of the proposed method identified some key 
elements that were projected to have a significant influence on the outcome of 
the evaluation. Firstly, the working equation Eq. (2.5) had to be an accurate 
description of the relationship between the analytical signal Epc and the 
concentration of Na
+
. The electrode slope should also remain consistent and 
reproducible since it was part of the standard addition equation Eq. (2.8) used 
for the determination of Na
+
. Thus far, these elements had been evaluated in 




 and Tris buffer supporting electrolyte with 





 as potentially interfering species. The outcome of 
the proof-of-concept study would provide some indication on whether these 





 as potentially interfering species. 
Using the method developed in this study, the concentration of Na
+
 in 
the test sample was determined, after triplicate analyses, to be 39.5 + 0.9 mM. 
A t-test performed at 95 % confidence level revealed satisfactory agreement 
between the prepared and determined values, and the percent relative standard 
deviation (%RSD) of 2.3 % could be considered as satisfactory. Hence the 
primary objective of the proof-of-concept study had been satisfactorily 





 had not interfered significantly with the relationship between Epc and the 
concentration of Na
+
 as described by Eq. (2.5), or with the consistency of the 
electrode slope. Thus the proposed method for Na
+







 intercalation at PB was potentially useful for further 
development as a PB-based electrochemical sensor for Na
+
. The analyses of 
the test sample were performed by my colleague Miss Huang Yan and her 
assistance is gratefully acknowledged. 
2.4. Concluding remarks 





 intercalation at PB under slow scan rate CV conditions and its 
potential application as a novel PB-based electrochemical sensor for Na
+
 are 




under slow scan rate CV 
conditions were found to involve a 2K
+: −1Na+: 1e− process; and the 
interaction between Na
+
 and PB likely occurred during the oxidation of ES to 
PB. Comparative studies with Li
+
 revealed that the observed effect of Na
+
 on 
Epc was highly size-selective. Based on these results and existing information 
from the literature, an inhibition model was proposed to describe the 




 under slow scan rate CV conditions. In 
the inhibition model, it was proposed that Na
+
 had inhibited the contraction of 










 intercalation. The inhibition model was also relevant for the 
derivation of an equation relating Epc to Na
+
 concentrations. The method 





intercalation for the determination of Na
+
 was evaluated in a proof-of-concept 







 intercalation at PB was potentially useful for further development 

































 using a 
sequential determination approach 
 
3.1. Introduction 
In the development of sensors, particularly for field applications, the 
enhancement of sensor functionality with a concurrent reduction in the number 
of sensor elements is attractive [72]. Amongst the topics explored in this area 
is the development of dual- and multi-analyte sensors which are based on just 
a single recognition element. The role of the recognition element is to interact 
selectively with the target analyte to generate the relevant changes for 
subsequent transduction and measurement. One of the approaches for the 
development of dual- or multi-analyte sensors based on a single recognition 
element is to explore additional interaction(s) of the recognition element with 
the other intended target analyte(s). In comparison to single-analyte sensors, 
the development of dual- or multi-analyte sensors based on a single 
recognition element imposes additional requirements on the interactions 
involved. To enable the sensor to respond effectively with minimal 
interferences between the different target analytes, there should be sufficient 
differentiation between the interactions of the recognition element with each 
individual target analyte. For example, Bakker et al. has demonstrated a 
concept of multi-analyte detection using a single sensing membrane based on 
a selectivity-modifying pulsed amperometric technique, where the interactions 
between the sensing membrane and each of the target analytes could be 
differentiated using different applied voltages [73]. Another example involves 
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the simultaneous multi-analyte detection of dopamine, ascorbic acid and uric 
acid using voltammetric methods with a single electrode sensor where the 
approach adopted was based on achieving improved differentiation between 
the oxidation peak potentials of these analytes [74–76]. 




 using electrochemical 
methods had been attempted using two ion-selective electrodes (ISEs); i.e. one 
K
+
-selective ISE and one Na
+
-selective ISE [52,53]. The need for two ISEs to 




 is because the common 
recognition element for ISEs (i.e. the ionophores) possesses a single cation-
recognition mechanism based on host-guest interaction, hence resulting in the 










under slow scan rate CV conditions has been investigated and found to be 







 intercalation, the interactions of K
+
 with PB and Na
+
 with PB 
are markedly different (i.e. intercalation and incorporation respectively). 




 with PB, this 





intercalation to add-on a K
+
 sensing functionality to the PB recognition 





The response of the PB-ME towards K
+
 under slow scan rate CV 
conditions was characterized and together with the information presented in 
the previous chapter, a three-dimensional map of the response of the analytical 




 was obtained. Based on this map, a sequential 
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 using PB as the sole recognition element.  




 could be 
determined from biological fluids such as blood, serum, urine or saliva 
[50,51,56,77,78]. Generally, analyses of biologically important markers in 
urine and saliva have the advantage of non-invasiveness, though the analyses 
in blood and serum are more representative [79]. In recent times, the 
development of non-invasive analytical methods in the clinical setting has 
received great interest due to the advantages of reduced analysis time, simpler 
procedures and lesser discomfort for the patient [80]. In addition to non-
invasiveness, salivary analysis has the added advantages of on-the-spot 
sampling by individuals with modest training [78], ease of collection [79] and 
is a cost-effective screening method for large populations [78].  
Up till now, numerous interesting studies have been conducted in 




 levels as viable indicators 
for the diagnosis and monitoring of various physiological conditions such as 
dry mouth condition [81], stress [82], abnormal aldosterone secretion [81] and 
renal failure [51]. The proposed K
+−Na+ sequential determination method was 
hence evaluated in a proof-of-concept study involving a prepared sample of 








                                                          
*
 Most of the material to be presented in the subsequent parts of this chapter is part of a report in Sensors 
and Actuators B: Chemical [83] and the provisions granted by Sensors and Actuators B: Chemical and 




3.2.1. Chemicals and materials 
Potassium ferricyanide (Merck), ferric chloride (GCE), potassium 
chloride (Scharlau), sodium chloride (GCE), hydrochloric acid (37%, VWR 
International) and Tris buffer (1 M, pH 7, 1
st
 Base) were used as received. All 
solutions were prepared in Milli-Q ultrapure water (Millipore). Nanoporous 
alumina membranes (Anodisc
TM
, 13 mm diameter, 200 nm pore size) were 
obtained from Whatman (Maidstone, Kent, UK). All other chemicals were of 
analytical grade and used without further purification. 
3.2.2. Instrumentation 
Electrochemical measurements were performed with an eDAQ e-
corder/potentiostat using a 3-electrode cell comprising a working electrode, in 
the form of either the Pt-coated nanoporous alumina membrane electrode or 
the PB-ME electrode, followed by an Ag/AgCl (1 M KCl) reference electrode 
and a platinum wire auxiliary electrode. The sputter-coating of Pt was done 
with a JEOL Auto Fine Coater (JFC-1600). Optical emission spectroscopy 
measurements were performed on a Perkin Elmer ICP-OES inductively 
coupled plasma optical emission spectrometer (Optima 5300 DV). Non-linear 
curve fitting was performed using Origin
TM
 software. 
3.2.3. Sensor fabrication 
The fabrication of the PB-ME electrode sensor was similar to the 
method described in the previous chapter (section 2.2.3, pg 35–36). 
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To characterize the response of the PB-ME membrane electrode sensor 
towards K
+
, an appropriate background level of Na
+
 was first added to the 
supporting electrolyte comprising of 1 M Tris pH 7 buffer. To characterize the 
sensor response towards Na
+
, an appropriate background level of K
+
 was 




 were introduced in the 
form of their chloride salts.   The PB-ME was used as the working electrode 
and subjected to CV potential cycling between –0.2 V and 0.6 V with the 
cathodic peak position Epc under applied scan rate of 5 mV s
–1
 as the analytical 
signal. The changes in the analytical signal Epc in response to changes in the 
concentration of the cation being characterized were recorded. 
3.2.5. Analysis of artificial saliva 
3.2.5.1. Preparation of artificial saliva 
Artificial saliva was prepared according to a reported composition [84]
 
with modification [81]. The composition in ultrapure water was as follows: 
potassium chloride (1.677 g L
–1
), sodium chloride (0.209 g L
–1
), disodium 
hydrogen phosphate (0.314 g L
–1
), calcium chloride dihydrate (0.795 g L
–1
), 
magnesium pyrophosphate (0.0016 g L
–1
), hydroxypropyl methylcellulose 
(4.00 g L
–1
) and urea (4.00 g L
–1
). The artificial saliva sample was diluted 1:1 




3.2.5.2. Sensor calibration 
A calibration solution consisting of KCl (1.491 g L
–1
) and NaCl (0.584 
g L
–1
) in 0.5 M Tris pH 7 buffer was prepared. A stock solution of NaCl (2 M 
in 0.5 M Tris pH 7 buffer) was prepared for standard addition of Na
+
. The 
stock solution for standard addition of K
+
 was prepared from KCl in a similar 
manner. Calibration of the PB-ME electrode sensor was carried out in the 





 (SK) were obtained via two standard additions of Na
+
 followed by 
two standard additions of K
+
 to the calibration solution respectively. 
3.2.5.3. Analysis of the test sample 
Analysis of the test sample was performed via 2 standard additions of 
Na
+
 to determine Na
+
, followed by 2 standard additions of K
+
 to determine K
+
. 
The standard additions were done with the same stock solutions for sensor 




 concentrations in the test 
sample was performed using the standard addition plot. The sequence of 
calibration and analysis was repeated on two additional portions of the test 
sample. For comparison of the results, ICP-OES analysis was performed on 
three portions of the test sample. Each portion was diluted ten times with 
ultrapure water prior to analysis. 
3.3. Results and discussion 
3.3.1. Considerations for the addition of K
+
 sensing functionality 
Admittedly, the addition of K
+
 sensing functionality for the 
development of a PB-based K
+–Na+ dual-analyte sensor could be relatively 
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straightforward. The process of direct K
+
 intercalation at PB has long been 
successfully utilized for the development of PB-based electrochemical sensors 
for K
+
 [39]. The K
+
 sensing functionality could be added to the PB-ME 
electrode sensor through adaptation of the potentiometric method 
demonstrated by Krishnan et al. based on a PB film electrode without internal 




 would then most 
probably be achieved via a two-step sequential determination approach; i.e. 
the determination of K
+
 using the method adapted from Krishnan et al., 






 intercalation and 
the method presented in Chapter 2, or vice versa. 




 intercalation was selected 
as the basis for the addition of the K
+
 sensing functionality instead. The 
reasons for this are mainly of research interests. Unlike the process of direct 
K
+
 intercalation for which the analytical utility is well-established, the 




 intercalation process is relatively 





intercalation is useful for Na
+





 intercalation for K
+–Na+ dual-analysis. 








The previous chapter had been focused on characterization of the 
response of Epc towards Na
+





intercalation for the development of a PB-based sensor for Na
+
. For this 
current study, with the objective of adding a K
+







 intercalation, the response of Epc towards K
+
 was evaluated 
instead. Epc was found to be linear towards the logarithm of K
+
 concentration 
with an electrode slope of ca. 119 mV, approximately twice that of the 
corresponding electrode slope of ca. 59.2 mV (theoretical) for the direct K
+
 
intercalation process (Fig. 3.1). Since the sensitivity of analysis is dependent 
on the magnitude of the electrode slope [17], the results suggested the 
sensitivity of K
+




 intercalation was likely to 
be twice that of K
+
 analysis based on direct K
+
 intercalation. Improvements in 
sensitivity are generally helpful, and the ca. two-fold enhancement in 




 intercalation could be regarded as an 
advantage over direct K
+
 intercalation. However, it must be mentioned that the 
improvement in sensitivity also amplifies the effects of any error in the 
measurement of the analytical signal on the accuracy of the analysis. Such 
problem is even more pertinent in systems with logarithmic responses, since 
small errors in the measurement of the analytical signal translate into large 
errors in the results of the analysis [17]. 
Analogous to the response of Epc towards Na
+
, the response of Epc 
towards K
+
 also displayed a dependence on the background concentration of 
Na
+
. As a result, the response of Epc towards the logarithm of K
+
 concentration 
took the form of segmented lines, each corresponding to a different 
background concentration of Na
+
 (Fig. 3.1). In comparison, the corresponding 
response towards K
+
 for the direct K
+
 intercalation process was in the form of 
a single continuous line (Fig. 3.1). It was also observed that, analogous to the 
case of Na
+





remained consistent at ca. 119.4 ± 0.5 mV in the three background 
concentrations of Na
+
 tested (5, 25 and 50 mM). 
 
19Fig. 3.1. Graph showing the linear dependence of Epc towards the logarithm of K
+
 





 intercalation in three Na
+
 backgrounds of 5, 25 and 50 mM. For comparison, the 
typical response of the electrode potential towards the logarithm of K
+
 concentration 
for the direct K
+
 intercalation process with Nernstian slope of ca. 59.2 mV is 
represented with the dashed line. Scan rate: 5 mV s
–1
. Reproduced with permission 
from Elsevier [83], with modification. 
 




3.3.3.1. Mapping the sensor response  









, a map of 




 was first generated. In the 
previous chapter, a general equation Eq. (2.4) relating the analytical signal Epc 




 had been derived. Though it was possible 
to generate the sensor response map based on just the results of the 
characterization experiments presented in the previous chapter, the results of 
the characterization experiments performed thus far in this current work were 
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included for the mapping as well so as to re-ascertain the relevance of the 




 intercalation. In addition, non-
linear curve fitting analysis was applied to expedite data processing. To 
facilitate the non-linear curve fitting analysis, the general equation Eq. (2.4) 


















E  (3.1) 
where KI, Km, and K′m are the equilibrium constants of the inhibition model 
and A incorporates constant terms including [PBT], [ES(K)|ES(K)], Eref and E
0′.  
A satisfactory fit was obtained between Eq. (3.1) and the experimental values 
of Epc (Figs. 3.2a and b), and a three-dimensional map of the sensor response 
was generated (Fig. 3.2c). 
3.3.3.2. Initial considerations 
From the three-dimensional map in Fig. 3.2c, it could be seen that the 




 concentrations was not unique since 




 concentrations could give rise to the 











This limitation could be overcome if the concentration of one of the 




) could be determined beforehand, possibly 
through obtaining further chemical information from the system. However, the 
attempts along this direction did not yield promising results. Other than the 
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shifts in the cathodic peak position Epc, no other useful analytical signals 




 could be found.  
 
 
20Fig. 3.2. Comparison of experimentally obtained values of Epc against the theoretical 




 backgrounds of 5, 25 




 backgrounds of 5, 50 and 500 mM. The corresponding 
parameters for Eq. (3.1) obtained from non-linear curve fitting were: KI = 28.1 ± 0.7, 
Km = 0.35 ± 0.03 M and K’m = 0.59 ± 0.02 M
–1
. (c) The three-dimensional map of the 
sensor response obtained from Eq. (3.1) and the abovementioned parameters. The 





via the sequential standard additions of the two-step sequential determination 
approach. Scan rate: 5 mV s
–1





Another alternative to overcoming the limitation would be if the 
general equation Eq. (3.1) could be simplified to an analytically more useful 
form. From Figs. 2.2 and 3.1, it could be observed that if the concentration of 




) was kept constant, the response of 
Epc towards the other target analyte followed a simple logarithmic relationship. 




 had to 





 was consequently conceptualized based on a two-step sequential 
determination approach (Fig. 3.2c).    
3.3.3.3. Derivation of working equations for the sequential determination 
approach 









 intercalation, the 




) would first be determined 
followed by the determination of the other target analyte. Also, during the 
analysis of either analyte, the concentration of the other analyte would be kept 
constant (herein referred to as the background cation). Under such conditions, 
Eq. (3.1) could be simplified into two forms which are more useful 
analytically. 
If the concentration of Na
+
 is kept constant and the KIK′m[Na
+
] term is 











Eq. (3.1) simplifies into a form (Eq. (3.2)) that is useful as the working 





























] denote constant Na
+
 
concentration and variable K
+
 concentrations, respectively. 
The working range for the determination of K
+
 was defined as the range of K
+
 
concentrations over which there was satisfactory agreement between the 
working equation Eq. (3.2) and the response of Epc that was observed 
experimentally. Comparison of the working equation Eq. (3.2) against the 
experimental response of Epc towards K
+
 under three constant Na
+
 
backgrounds of 5, 25 and 50 mM revealed satisfactory agreement over a wide 
range of K
+
 concentrations (Fig 3.3a). The working ranges for K
+
 
determination determined under constant Na
+
 backgrounds of 5, 25 and 50 
mM were 0.80 to 63, 4.0 to 160 and 8.0 to 310 mM K
+
 respectively. Similar to 
the work in Chapter 2, the dependence of the working range for K
+
 
determination on the background concentration of Na
+
 could also be viewed as 




 intercalation being a process that required a 




. Admittedly, though 




 intercalation is likely amenable to 
the determination of K
+
, the analytical performance in terms of the lower limit 
of linearity is not particularly notable in comparison to reported methods 
based on direct K
+
 intercalation.    
Next, if the concentration of K
+
 is kept constant instead, and the 
KIK′m[Na
+











 terms, the general equation Eq. (3.1) simplifies into a form (Eq. 
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(3.3)) that is useful as the working equation for the determination of Na
+
. The 
process of simplification and subsequent evaluation was similar to that 
presented in the previous chapter (i.e. the simplification from Eq. (2.4) to Eq. 






























] denote constant K
+
 
concentration and variable Na
+
 concentrations, respectively. 
Evaluation of the working equation Eq. (3.3) against the experimental 
response of Epc towards Na
+
 under three constant K
+
 backgrounds of 5, 50 and 
500 mM revealed satisfactory agreement over a wide range of Na
+
 
concentrations (Fig. 3.3b). The working ranges of the proposed approach for 
Na
+
 determination obtained under constant K
+
 backgrounds of 5, 50 and 500 
mM were 0.8 to 23.7, 4.2 to 114 and 34 to 770 mM Na
+
 respectively.  
 
21Fig. 3.3. Comparison of experimentally obtained values of Epc against (a) working 
equation Eq. (3.2) for K
+
 (solid lines) in Na
+
 backgrounds of 5, 25 and 50 mM; and (b) 
working equation Eq. (3.3) for Na
+
 (solid lines) in K
+
 backgrounds of 5, 50 and 500 
mM. Scan rate: 5 mV s
–1
. Reproduced with permission from Elsevier [83]. 
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From Fig. 3.1, it was observed that the response of Epc towards the 
logarithm of K
+
 concentration was analogous to the response of Epc towards 
the logarithm of Na
+
 concentration in the sense that both took the form of 
segmented lines. Hence the same method of determination preciously selected 
for the determination of Na
+
 (i.e. standard addition) was selected for the 
determination of K
+
 as well.  
The sequence of analysis comprised on two main components; the 
determination of K
+
 by standard addition of K
+
 and the determination of Na
+
 
by standard addition of Na
+
. Due to the utilization of the sequential 
determination approach, the determination of K
+
 could be considered to be 
independent of the determination of Na
+
 and vice versa. One consequence of 
this was that in principle the order of determination was interchangeable; so 
the analysis could proceed via the determination of K
+
 followed by the 
determination of Na
+
 or vice versa. In practice, it would be preferred that the 
determination of the target analyte that is lower in concentration be performed 





were available prior to the analysis; such as in human biological fluids or in 
routine monitoring. Another consequence was that errors in the K
+
 
determination step would have minimal impact on the results of the Na
+
 
determination step and vice versa.   
In the previous chapter for the determination of Na
+
 by standard 
addition, two standard additions of Na
+
 were applied per analysis based on the 
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considerations of reducing random error, ascertaining that the analysis was 
performed within the working range and minimizing the dilution of the 
background K
+
 concentration. Based on similar considerations, the 
determination of K
+
 was performed with two standard additions of K
+
 per 
analysis as well. 
From the work presented in the previous chapter, it was realized that 
the electrode slope towards Na
+
, or more specifically the slope of the response 
of Epc towards the logarithm of Na
+
 concentration, was a key parameter with 
significant influence on the accuracy of the determination. Thus for this 
current work, a calibration step was included prior to the analysis step to 





referred to as SK and SNa, respectively. After calibration, the working equations 
Eq. (3.2) and (3.3) can be re-expressed as Eq. (3.4) and (3.5) respectively. 
 
)][Klog( 1/2K  pc







         (3.5) 
Rearrangement of the working equations Eqs. (3.4) and (3.5) into the y = mx 
form of the standard addition method gave Eqs. (3.6) and (3.7) respectively. 







         (3.7) 




 in the sample 







 had been completed,. The concentration of K
+
 could be determined from 
the horizontal intercept in the plot of )/( Kpc10 SE  against the concentration of K
+
 
added. Similarly the concentration of Na
+
 could be determined from the 
horizontal intercept in the plot of )/( Napc10 SE  against the concentration of Na
+
 
added.    
3.3.3.5. Analysis of artificial saliva sample 
The proposed sequential determination method was then subjected to a 




 in a sample 
of artificial saliva. The sequential determination method was developed with 




 using PB as 




 intercalation as the 





; and the main objective of the proof-of-concept study was to evaluate if 
the intended purpose was satisfactorily achieved. Similar to the work 
presented in the previous chapter, adherence to the working equations Eqs. 
(3.4) and (3.5) and the consistency of the electrode slopes SK and SNa were 
likely to be important and the outcome of the evaluation would provide an 
indication on whether these elements were satisfactorily addressed. 
Additionally, the artificial saliva sample to be analyzed in the proof-of-





), anions (phosphates), urea and viscosity 




Triplicate analyses of the artificial saliva sample by the proposed 




 concentrations of 9 ± 1 
mM and 23.1 ± 0.7 mM respectively. Triplicate analyses of the same artificial 




 concentrations of 9 ± 1 mM 
and 22 ± 2 mM respectively. A t-test conducted at 95 % confidence level 
indicated that the results obtained by both methods were not significantly 
different. In addition, analyses of the experimental results after omitting the 
electrode calibration step and using assumed slopes of 118 mV for SK and –59 
mV for SNa resulted in determined concentrations of 8.7 ± 0.4 mM for Na
+
 and 
23.2 ± 0.8 mM for K
+
. A t-test at 95 % confidence level indicated that the 
results were not significantly different from those of the ICP-OES as well. 
Thus the electrode calibration steps could possibly be omitted to reduce the 
analysis time required, though for accurate work electrode calibration should 
be performed prior to sample analysis.  
The typical graphs of the calibration and analysis results of the 
sequential determination approach are shown in Fig. 3.4. Overall, the results 





 intercalation had satisfactorily achieved the intended purpose 




 using PB as the sole recognition 
element. There was also no observable indication that the presence of the 
potentially interfering factors in the artificial saliva sample had interfered 
significantly with the adherence of Epc to the working equations or with the 





 were independent of each other, the results could also be interpreted as 
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 intercalation.  
Overall, the results obtained suggest that with the proposed sequential 










 using just PB as the sole recognition element. 
The ICP-OES analyses of the artificial saliva sample were performed by Mdm 
Leng L.E. and Miss Tan T.Y. of the elemental analysis lab of the department 
of chemistry, National University of Singapore, and their assistance is 
gratefully acknowledged.    
 
22Fig. 3.4. Typical graphs showing the calibration plots for (a) Na
+
 and (b) K
+
; and the 
standard addition plots for the (c) determination of Na
+
 followed by (d) determination 
of K
+
 in the artificial saliva sample via the two-step sequential determination 
approach. Scan rate: 5 mV s
–1




3.4. Concluding remarks 





 intercalation to add-on a K
+
 sensing functionality to PB for the 




 are presented. 
The results indicated that in addition to the determination of Na
+





 intercalation was also amenable to the determination of K
+
. 




 was not 









 intercalation had to proceed via a two-step sequential 









 intercalation based on 
sequential standard addition and determination was evaluated in the proof-of-
concept study involving the artificial saliva sample with satisfactory results; 
which suggests that with the proposed sequential determination approach, the 




 intercalation could be extended to 




 using just PB as the 
sole recognition element. 




















 using Prussian 









using Prussian blue pencil graphite electrode 
 
4.1. Introduction 
In this chapter, the rare observation made in an earlier study [48] 
involving the additional cathodic peak in the cyclic voltammogram of a PB-





 was investigated. Typically, when the PB-ME was 
subjected to CV at a slow scan rate of 5 mV s
–1





a single cathodic peak would be observed (Fig. 1.9a). However, in a few 
incidences of atypical PB-MEs, accounting for approximately 2 % of the total 
number of PB-MEs fabricated in that earlier study, an additional cathodic peak 
was observed whilst under the same operating conditions (Fig. 1.9b). 
Additionally, such atypical PB-MEs were obtained totally by chance, which 
posed a significant challenge to the further exploration of the underlying 
processes involved. For the sake of further discussion, the typical response as 
shown in Fig. 1.9a would henceforth be referred to as the one-peak response, 
while the atypical response as shown in Fig. 1.9b would be referred to as the 
two-peak response.   
The work performed in Chapter 2 has indicated that the one-peak 
response observed in the PB-ME subjected to the abovementioned 





process at PB. The two-peak response was an indication of an unexplored 
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; and formed the basis of the 
work performed in this current chapter. 
The means of consistently obtaining the two-peak response was first 
investigated. The responses of the pair of cathodic peaks towards varying CV 




 concentrations, were then 
characterized. The underlying processes involved were consequently identified 
and the results were incorporated into the existing inhibition model for a more 















4.2.1. Chemicals and materials  
Potassium ferricyanide, potassium chloride, sodium chloride and 
magnesium chloride hexahydrate were purchased from Merck. Ferric chloride 
and hydrochloric acid (37%) were purchased from Sigma-Aldrich. Mechanical 
pencil leads (Pilot Eno 2B, 0.5 mm) were purchased from local stationery shop. 
All solutions were prepared in Milli-Q ultrapure water (Millipore). 
4.2.2. Instrumentation 
Electrochemical measurements were performed with a CHI 440 
electrochemical analyzer (CH Instruments) using a 3-electrode cell, with an 
                                                          
*
 Most of the material to be presented in the subsequent parts of this chapter is part of a report in Sensors 
and Actuators B: Chemical [69] and the provisions granted by Sensors and Actuators B: Chemical and 
Elsevier for the inclusion of the reported material in this dissertation are gratefully acknowledged.                   
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Ag/AgCl (1M KCl) electrode as reference and a Pt wire as auxiliary electrode. 
The working electrode consisted of a pencil lead or PB-modified pencil lead 
mounted onto an improvised electrode clip to form the pencil graphite 
electrode (PGE) or PB-modified pencil graphite electrode (PB-PGE) 
respectively. The immersion depth of the pencil lead into the electrolyte 
solution was approximately 2 mm. 
4.2.3. Fabrication of PB-PGE 
Similar to the fabrication of the PB-ME, PB was deposited onto the 
PGE via electrodeposition to form the PB-PGE. The PGE was used as the 
working electrode and subjected to potential cycling of the CV technique at 50 
mV s
–1
 between –0.5 V and 0.6 V in a solution of potassium ferricyanide (2.5 
mM), ferric chloride (2.5 mM), potassium chloride (0.1 M) and hydrochloric 
acid (0.01 M). Compared to the electrodeposition conditions for the PB-ME, 
the concentrations of ferric chloride and potassium ferricyanide were reduced 
to 2.5 mM and number of electrodeposition cycles was reduced to one for the 
case of the PB-PGE. The intent was to deposit thin PB films on the PGE with 
facile ion-exchange properties in order to achieve sharper CV peaks with 
better resolution. The fabrication process was repeated to form a batch of PB-
PGEs. The PB-PGEs were then calibrated to determine the working scan rate 
for subsequent CV analyses. 
4.2.4. Determination of the working scan rate  
To determine the working scan rate for subsequent CV analyses, one 
PB-PGE from each batch of PB-PGEs prepared from the same 
electrodeposition solution was subjected to CV between −0.2 and 0.6 V in a 
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solution containing potassium chloride (25 mM) and sodium chloride (25 mM). 
Magnesium chloride (0.5 M) was used as supporting electrolyte. The scan rate 
was varied between 1−50 mV s−1. The scan rate at which two cathodic peaks 
were observed, prominent and well-resolved, was chosen as the working scan 
rate for subsequent analysis and applied to the remaining electrodes from that 
batch. 
4.2.5. Peak characterization and nomenclature 





was performed between −0.2 and 0.6 V at the working scan rate with 





, two cathodic peaks were observable. Herein, the peak at the more 
anodic potential would be referred to as main peak while the other would be 
referred to as subsidiary peak. Their respective peak potentials, Epc main and Epc 
sub, were used as analytical signals. The changes in Epc main and Epc sub in 




 concentrations, introduced in the form of 
their chloride salts, were recorded for subsequent characterization. 





A solution containing potassium chloride (25 mM) and sodium 
chloride (35 mM) was prepared as the test sample for analysis. Magnesium 
chloride was added to the test sample as supporting electrolyte ([Mg
2+
] = 0.5 
M). A standard solution containing potassium chloride (2.5 M) and sodium 
chloride (2.5 M) was prepared. The PB-PGE was immersed in a portion of the 
test sample and subjected to CV between −0.2 and 0.6 V at the working scan 
rate. A total of four additions of the standard solution were introduced and the 
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changes in the analytical signals were recorded. The entire analysis was 
repeated on two more portions of the test sample. 
4.3. Results and discussion 
4.3.1. Attempts at consistently obtaining the desired two-peak response 









 intercalation) was first observed by a reduction of the CV scan rate to 5 
mV s
–1
, it was highly likely that the scan rate had an influence on the 




. Hence, initial efforts were focused on 
the applied scan rate. Characterization of an atypical PB-ME after a further 
reduction of the applied scan rate from 5 to 1 mV s
–1 
resulted in the one-peak 
response that was normally obtained for the typical PB-MEs at a scan rate of 5 
mV s
–1
. The exact reason for the differences in the scan rate at which the one-
peak response was exhibited by the typical and atypical PB-MEs was unclear, 
though it was likely related to the differences in the fabrication outcome 
during the Pt-sputtering step since that was the only variable factor in the 
fabrication process. In order to consistently obtain the two-peak response, the 
efforts were then focused on generating the two-peak response from the 
typical PB-ME since the fabrication procedure used produced almost 
predominantly the typical PB-MEs.  
The results from the characterization of the atypical PB-ME suggested 
that for the case of the atypical PB-ME, a higher applied scan rate was 
required to generate the two-peak response compared to the one-peak response. 
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Hence, it was likely that the two-peak response could be obtained in the 
typical PB-MEs through increments in the applied scan rate beyond 5 mV s
–1
.  
However, characterization of the CV response of the typical PB-ME at 
increased scan rates were impeded by broad CV peaks with inadequate 
resolution. The observed peak broadening was likely due to the finite electrical 
resistance of the porous Pt contact on the membrane of the PB-ME. The 
porous Pt contact was a feature of the Pt-coated alumina membrane electrode 
which was highly useful for experiments involving transport and separation 
[30–32]. On the other hand, the porous nature of the Pt contact inevitably led 
to, on average, a higher electrical resistance as compared to conventional solid 
electrodes. Therefore, a PB-modified electrode based on an alternative 
substrate material with higher electrical conductivity might be helpful in 
improving the peak resolution.   
One of the attractive advantages of using the Pt-coated alumina 
membrane as the substrate material for the electrodeposition of PB was that it 
facilitated the fabrication of many PB-modified electrodes in short time and 
with modest costs; since the alumina membranes are readily available 
commercially and the Pt sputter-coater could simultaneously coat up to nine 
alumina membranes in a single run. Thus it was preferred that the alternative 
substrate material could possess the abovementioned advantage of the Pt-
coated alumina membrane, along with a higher electrical conductivity. A 
survey of the literature revealed two potential candidates as alternative 
substrate materials; namely the screen-printed electrodes and the pencil 
graphite electrodes (PGEs). The PGEs were first selected for evaluation since 
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their cost was significantly lower than the screen-printed electrodes. The 
design considerations for the fabrication of the PB-PGEs to match the 
throughput of the PB-MEs are presented in the subsequent section. Herein, the 
evaluation of the response of the PB-PGE is first presented. Fig. 4.1 shows a 
typical cyclic voltammogram of a PB-modified PGE (PB-PGE) in the 
presence of 50 mM K
+
 and 75 mM Na
+
 at an increased scan rate of 10 mV s
–1
. 
The desired pair of cathodic peaks was clearly observed with satisfactory 
resolution; and was consistently observed in the rest of the batch of PB-PGEs 
fabricated. The results indicated that through the manipulation of the applied 
scan rate and the satisfactory peak resolution accorded by the PB-PGEs, it was 
possible to consistently achieve the desired two-peak response. Therefore, the 
PB-PGEs were used in the subsequent studies of this work. 
In terms of stability, the operational lifetime of the PB-PGE was at ca. 
50 measurements on average, which was around 56 % that of the PB-ME 
membrane electrode. As both were intended to be disposable electrodes, the 
operational lifetime of either type of electrode was more than adequate to 




 inclusive of electrode 
calibration. Hence the reduced operational lifetime of the PB-PGE has 
minimal impact on the intended purposes of this work.        
4.3.2. Design considerations for fabricating PB-PGEs with higher throughput 
In the literature, there are two common generalized designs for the 
fabrication of PGEs. One design involves the encasing of the pencil lead with 
a cylindrical layer of insulating material such as PTFE [34,38] or paraffin wax 
[36]. Another design involves the direct immersion of a fixed length of the 
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pencil lead into the electrolyte solution [35,37]. Figs. 4.2a and b show the 
potential designs for the PB-PGEs based on the abovementioned approaches. 
 
23Fig. 4.1. Cyclic voltammogram of the PB-PGE showing the two-peak response in the 
presence of 50 mM K
+
 and  75 mM Na
+




In this work, the latter design was selected with the considerations of 
reducing the fabrication complexity and time for higher throughput. In all 
experiments involving the PB-PGEs, it was ensured that the PB-modified 
portion of the PGE was completely immersed in the electrolyte solution. This 
was relatively simple to perform since the blue tint of the PB-modified portion 
of the PGE was clearly visible to the naked eye (Fig. 4.2c). Much care was 
taken to ensure that exposure of the non-PB modified portion of the PB-PGE 
to the electrolyte solution was minimized. In practice, after factoring in errors 





, such over-exposure never exceeded 2 mm. In addition, an experiment 
was conducted to investigate the effects on the CV response due to the over-
exposure of the non-PB modified portion of the PGE to the electrolyte solution 
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by 2 and 4 mm. It was observed that the resolution of the two cathodic peaks 
remained unaffected and the analytical signals Epc main and Epc sub remained 
consistent with %RSDs of less than 1 % for both analytical signals. Therefore, 
the method for fabricating the PB-PGEs as shown in Fig. 4.2b was suitable for 
the intended purposes of this work. 
 
24Fig. 4.2. Diagrammatic representations (not to scale) showing the cross-sectional 
views of (a) a PB-PGE based on the design of encasing the pencil lead with an 
insulating layer and (b) a PB-PGE based on the design of direct immersion of a fixed 
length of the pencil lead. (c) A photograph showing the PB-PGE mounted on the 
improvised electrode clip.  
 
4.3.3. CV response of the PB-PGE under intermediate scan rate conditions 





varying scan rates are shown in Fig. 4.3. It was observed that the scan rates 
could be classified arbitrarily into slow, intermediate and fast depending on 





 intercalation was observed, similar to 
previous findings [62]. The desired two-peak response was observable under 
intermediate scan rate conditions. Although the pair of cathodic peaks could 
be observed over a range of intermediate scan rates, a gradual transition from 
 91 
 
the subsidiary peak to the main peak could be observed in response to 
increasing scan rate (Fig. 4.3 inset). Since the peak positions of both cathodic 
peaks were the analytical signals used in this work, the scan rate at which both 
cathodic peaks were prominent and well-resolved was chosen as the working 
scan rate for subsequent characterization. Figs. 4.4a and b present the response 
of the peak potentials of both cathodic peaks (Epc main and Epc sub) towards 




 respectively. Comparison of the 




 concentrations (SK and 
SNa) with previous works [20,62,83] indicated the main peak was result of 
direct K
+
 intercalation (SK(main) = 60 mV, SNa(main) = 0) while the subsidiary 




 intercalation (SK(sub) = 120 mV, SNa(sub) = 
−60 mV).  
 
25Fig. 4.3. (a) Cyclic voltammograms of the PB-PGE in 25 mM K
+
 and 25 mM Na
+
 
under scan rates of 1, 5, 10, 15, 20, 30, 40, 50 mV s
−1
, showing the differences in K
+
 
intercalation behavior under slow (dotted line), intermediate (black line), and fast 
(grey line) scan rate conditions. Inset: magnification of the boxed area. Reproduced 







26Fig. 4.4. Cyclic voltammograms showing effects of (a) increased K
+
 concentrations 
and (b) increased Na
+
 concentrations on Epc main and Epc sub. Insets: graph showing the 
linear dependences of Epc main (blue) and Epc sub (red) towards logarithm of K
+
 
concentration (inset of a) and logarithm of Na
+
 concentration (inset of b). S = 
electrode slope towards the logarithm of the relevant cation concentration. 
Reproduced with permission from Elsevier [69]. 
 
The results indicated that the two-peak response generated by the 





 intercalation and direct K
+
 intercalation. There was also a 




 intercalation (reflected by the 
subsidiary peak) to direct K
+
 intercalation (reflected by the main peak) in 





 with PB on both analytical signals were also found to be reversible 
under the applied experimental conditions. It was observed that the analytical 




 of the solution in which the 
PB-PGE was currently immersed, and effects of previous solutions with 








4.3.4. Proposed extension of the inhibition model  
In Chapter 2, an inhibition model had been proposed to describe the 




 under slow scan rate CV conditions. The 









 intercalation.    





 under intermediate scan rate conditions, an extension 
of the existing inhibition model is proposed in an attempt to comprehensively 




 during the ES–PB redox 





 intercalation and direct K
+
 intercalation in a 
single voltammogram under conditions of intermediate CV scan rate 
suggested these processes were likely occurring simultaneously under such 







 intercalation with increasing CV scan rates suggested these 
processes were likely competing with each other. The extension of the 
inhibition model is thus proposed as follows. 
The initial oxidation of ES to PB yields the usual contracting transition 
state species similar to the original model. Thereafter, the extension of the 
original model proposed that in the presence of Na
+
, two pathways were 
available for the transition state species. It could proceed via incorporation of 
Na
+
 or direct deintercalation of K
+





 intercalation and direct K
+
 intercalation respectively (Fig. 4.5). The 
potential cycling of the CV technique served as the driving force for the redox 
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interconversion, and the rate of redox interconversion increased with the 
applied scan rate. Based on the observation of the transition from Na
+
-
inhibited K intercalation to direct K
+
 intercalation with increasing scan rate, 




 intercalation was likely to be slower relative 
to the competing pathway for direct K
+
 intercalation. As a result of the 
differences in the rates of these two competing pathways, the ratio of the 
transition state species proceeding via the direct K
+
 intercalation pathway to 




 intercalation pathway increased 
with increasing scan rate; which eventually led to the observation of the scan-
rate dependent transition in the CV response. With this extension of the 









intercalation, to competing Na
+
-inhibited and direct 
K
+
 intercalations, to finally direct K
+
 intercalation in response to increasing 
CV scan rates could be comprehensively described.         
 







 intercalation. Reproduced with permission from 








4.3.5.1. Overcoming the limitation of previous sequential determination 









 intercalation was found 




















be determined sequentially (Fig. 4.6).  










 intercalation. Though this could be achieved via several 
approaches, the choice of approach has an important influence on the eventual 




 was achieved 
using another recognition element other than PB, the eventual sensor design 




 nonetheless, but would involve two 
recognition elements; which is incongruent with the original intent of 
enhancing the functionality of the PB recognition element. The pre-
determination of K
+
 could also be achieved using the PB recognition element 
through the K
+
-selective potentiometric method [39] from the literature, 











 could then be achieved without the need for an additional recognition 
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element, the analysis would take the form of a two-step sequential 
determination due to the use of two different methods for the analysis.           
A one-step simultaneous determination approach would be possible if 




 could be 





intercalation was observed. In the work of Chapter 3, the initial attempts along 
this direction were unsuccessful as additional applicable analytical signals 





 intercalation. In this current work, with an additional cathodic peak 
consistently obtained from the PB-PGE under intermediate scan rate 
conditions, renewed attempts were made at exploring a one-step simultaneous 




 based on just PB as the recognition 
element. 





 under intermediate scan rate conditions presented a pair of potentially 
useful analytical signals (Epc main and Epc sub) due to the co-existence of the two 
processes of direct K
+




 intercalation. In the 
literature, the process of direct K
+
 intercalation has been known to be 
amenable to K
+
 determination in the presence of Na
+
 [39]. This could also be 





(since SK(main) = 60 mV and SNa(main) = 0). Such property of direct K
+
 
intercalation was a limitation faced in the development of PB-based Na
+
 
sensors, but was highly advantageous for the pre-determination of K
+
 required 












 intercalation and direct K
+
 intercalation under 
intermediate scan rate CV conditions.       
 
28Fig. 4.6. A comparison of the two-step sequential determination (hollow arrows) and 
one-step simultaneous determination (solid arrow) approaches for PB-based dual-




. Reproduced with permission from Elsevier [69], 
with modification. 
 






The one-step simultaneous determination approach was proposed 
based on the following working principles. From the work presented in earlier 












intercalation. Hence the standard addition method was selected as the method 










simultaneously into the test sample and monitoring the resultant changes in the 
analytical signals Epc main and Epc sub. The determination of K
+
 was based on 
direct K
+
 intercalation using Epc main as analytical signal. With the 
concentration of K
+
 determined, the limitation faced previously was lifted and 
Na
+





intercalation using Epc sub as the analytical signal (Fig. 4.6). 
Similar to the work in earlier chapters, the working equations relating 




 were obtained based 





 intercalation and the working equation for the determination of 
Na
+
 using Epc sub could be described by Eq. (2.5). To suit the nomenclature of 













E       (4.1) 
For Epc main, the process of direct K
+
 intercalation proceeds at a site where Na
+
 
incorporation had not taken place and the local concentration of Na
+
 at that 
particular site was effectively zero. Thus by setting the Na
+
 concentration to 
zero in the general equation of the inhibition model Eq. (2.4), an equation 


























, Eq. (4.2) simplifies into a working equation Eq. (4.3) 
that is useful as the working equation for the determination of K
+












       (4.3) 
Eqs. (4.3) and (4.1) can be re-expressed to incorporate the relevant 
electrode slopes S, thus giving the working equations for Epc main and Epc sub as 
Eqs. (4.4) and (4.5) respectively. Similar to the work of Chapter 3, the 
electrode slopes could be assumed from the results of the characterization 

















     (4.5) 
Similar to the work presented in earlier chapters, conformity to the 
working equations and the consistency of the electrode slopes were the 
fundamental prerequisites for ensuring the accuracy of determination by the 
standard addition method. Figs. 4.7a and b show the satisfactory agreement 
between experimentally obtained values of Epc main and Epc sub with the working 
equations Eqs. (4.4) and (4.5) over a wide range of K
+−Na+ concentrations 
from 1 to 500 mM. Consistent electrode slopes of ca. 60, 120 and −60 mV 
were also obtained for SK(main), SK(sub) and SNa(sub) respectively with %RSD of 
less than 0.5 %. Thus the fundamental prerequisites for the standard addition 
method remained satisfactorily addressed for the intended purposes of this 
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on the working equations Eqs. (4.4) and (4.5) were determined as 1.7 to 24, 9 




 backgrounds of 5, 50 and 100 mM; and 




 backgrounds of 5, 50 and 





intercalation, the dependence of the working range for Na
+
 determination on 
the concentration of K
+










. Though admittedly the determination of K
+
 was 




 intercalation, a working range for K
+
 





intercalation would no longer be observable and the determination of Na
+
 
could not be achieved; which would be incongruent with the intended 
purposes of dual-analyte determination.    
 
29Fig. 4.7. Three-dimensional graphs showing the agreement between experimentally 
obtained values (yellow circles) and the proposed working equations (magenta 
squares) for (a) Epc main using Eq. (4.4) and (b) Epc sub using Eq. (4.5). Parameters: 
SK(main) = 60 mV, SK(sub) = 120 mV and SNa(sub) = −60 mV. Reproduced with permission 
from Elsevier [69]. 
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 by simultaneous standard addition 
In the proposed one-step simultaneous determination approach, the 





simultaneously into the test sample. Experimentally, this could be 





. Previously, for the two-step sequential determination 
approach, two standard additions were performed for the determination of 




) based on considerations of reducing 
random error, ascertaining that the analysis was performed within the working 
range and minimizing the effects of dilution. Hence overall a total of four 
standard additions were performed per analysis for the two-step sequential 
determination approach. Herein, for the same considerations, four standard 
additions were performed per analysis as well for the one-step simultaneous 
determination approach. Admittedly, due to the simultaneous nature of the 
standard addition, a total of two standard additions should suffice to address 
the abovementioned considerations. However, unlike the sequential 




 in the simultaneous 
determination approach were not independent of each other; hence errors in 
the pre-determination of K
+
 would propagate into errors in the determination 
of Na
+
 as well. With this additional consideration, the total number of standard 
additions per analysis for the simultaneous determination approach was 
increased to four in an attempt to further reduce the random error involved.   
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Rearrangement of the working equations Eqs. (4.4) and (4.5) into the y 




)/( K(main)main pc  K
K
ASE        (4.6) 
]Na[
 
10 )])/log[K (( Na(subK(sub)sub pc  

A
SSE        (4.7) 
Since Epc main was invariant towards Na
+




 via the 
standard additions were similar to increments of K
+
 alone. The K
+
 
concentration in the sample could thus be determined using Eq. (4.6) by 
plotting )/( K(main)main pc10 SE  against the concentration of K
+
 added and extrapolating 
to the horizontal axis. The determined value of K
+
 concentration could then be 
input into Eq. (4.7) and the concentration of Na
+
 similarly determined from the 
plot of  )])/log[K (( Na(subK(sub)sub pc10 SSE
 against the concentration of Na
+
 added.    





 was based fundamentally on the assumption that the co-existence of 




 intercalation and direct K
+
 intercalation was 
useful in addressing the limitation faced in earlier attempts at developing a 









 intercalation. It was also assumed that the additional 
analytical signal result of direct K
+
 intercalation was useful in providing 
additional information on the concentration of K
+
 in the sample, so as to 
facilitate the determination of Na
+
 which was based on the other analytical 




 intercalation. Overall, the proposed approach 
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 intercalation and direct K
+
 
intercalation and the complementary nature of these processes to reduce the 
process of analysis from two-step sequential determination to one-step 
simultaneous determination. With the objective of evaluating these 
assumptions, a preliminary proof-of-concept study was conducted. A solution 
containing 25 mM K
+
 and 35 mM Na
+
 was prepared as an unknown test 
sample and analyzed using the proposed one-step simultaneous determination 




 were chosen to better 
evaluate the proposed approach.  
Triplicate analyses revealed determined concentrations of 25.1 ± 0.2 
mM for K
+
 and 34.9 ± 0.8 mM for Na
+
. Assumed slopes for SK(main) (60 mV), 
SK(sub) (120 mV) and SNa(sub) (−60 mV) were used in the analyses. Figs. 4.8a 





 respectively. A t-test performed at 95 % confidence level revealed 
satisfactory agreement between the prepared and determined values, and 
the %RSD of 0.8 % for K
+
 and 2.3 % for Na
+
 could be considered as 
satisfactory. Hence the objective set for the proof-of-concept study has been 
satisfactorily addressed. By performing the analysis under conditions where 




 intercalation and direct K
+
 intercalation 
were co-existent, the additional information provided by the direct K
+
 










 in a one-step simultaneous determination approach.  
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In terms of analytical utility for PB-based K
+–Na+ dual-analyte 
determination, the results suggested the sequential determination approach 
based on the one-peak response presented in Chapter 3 was likely to be more 
relevant compared to the simultaneous determination approach based on the 
two-peak response in terms of the lower limit of the working range for Na
+
 
determination and the upper limit of the working range for K
+
 determination. 
This was likely due to the finite peak resolution of the two-peak response of 
the simultaneous determination approach, since at the lower limit of the 
working range for Na
+
 determination and the upper limit of the working range 
for K
+
 determination, the main and subsidiary peaks were too close together 
such that the determinations of their peaks positions were impeded. However, 
the simultaneous approach has the advantages of shorter analysis time and 
simpler analysis procedure. Admittedly, it is quite difficult to project which 
approach would eventually turn out to be better suited for the development of 




.     
 
30Fig. 4.8. Standard addition plots showing (a) the determination of K
+
 using Eq. (4.6), 
and (b) determination of Na
+





. Parameters: SK(main) = 60 mV, SK(sub) = 120 mV and SNa(sub) = −60 mV. 




4.3.5.4. Additional applications in augmenting earlier approaches   
In addition to the simultaneous determination approach, the two-peak 




 intercalation and 
direct K
+
 intercalation under intermediate scan rate CV conditions was also 
useful in augmenting the PB-based determination approach for Na
+
 in Chapter 










 intercalation under slow scan rate CV conditions, and thus relied 
on the one-peak response with only Epc (Epc sub) as the analytical signal. In the 
PB-based determination approach for Na
+
, an appropriate background of K
+
 




 intercalation process. In samples with 
inadequate K
+
, modification with appropriate amounts of K
+
 was necessary. In 




, the decision 
to be made was with regard to the sequence of determination. It was preferred 
that the determination of the analyte in lower concentration be performed first, 
followed by the determination of the other analyte in higher concentration, so 
as to minimize the chances of the analysis going beyond the working range.  
Prior to the current work, such decisions were mostly informed 
decisions based either on prior knowledge of the relative concentrations 
involved, or on accumulated experience (i.e. based on the relative position of 
Epc between the start and switching potentials of the voltammogram). The 
assessment of the decision made could only be done after the analysis through 
checking with the linearity of the standard addition plot. Assuming the PB-
PGE was used, or any other PB-modified electrode capable of displaying the 
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responses as shown in Fig. 4.3, then an initial screening assessment under 
intermediate scan rate CV conditions would greatly assist in the planning 
process for the subsequent sample analysis step. For the determination of Na
+
, 
the presence of the two-peak response under intermediate scan rate conditions 
would indicate the presence of Na
+
-inhibited intercalation and the distance 
between the pair of cathodic peaks would reveal the approximate location 
within the working range for Na
+
 determination. For the sequential 




, the distance between the two cathodic 
peaks in the two-peak response under intermediate scan rate conditions would 





4.4. Concluding remarks 
In this chapter, the results of attempts at exploring the interesting two-
peak response in the cyclic voltammogram of a PB-modified electrode 
undergoing the ES–PB redox interconversion in the presence of K+ and Na+ 
are presented. Through the use of the PB-PGE in place of the PB-ME and 
variation of the applied scan rate, the desired two-peak response was 
consistently obtained under intermediate scan rate conditions. Subsequent 
characterization revealed that the main peak was result of direct K
+
 





intercalation. The two processes were likely to be in competition with each 




 intercalation to direct K
+
 
intercalation was observed with increasing scan rate. The results were 
successfully integrated with those of earlier chapters via an extension of the 







. The additional cathodic peak result of direct K
+
 





 intercalation to enable the dual-analyte 




 for a one-step simultaneous determination 
approach. The two-peak response under intermediate scan rate conditions was 
also useful as an initial screening assessment to augment the PB-based Na
+
 
determination approach and PB-based K
+–Na+ sequential determination 


























Studies on a two-compartment hydrogen 




Studies on a two-compartment hydrogen peroxide 
amperometric sensor design 
 
5.1. Introduction 
The research directions of this dissertation are focused on the 




 intercalation and the PB-ME 
electrode design for potential PB-based electroanalytical applications. The 
earlier chapters on the developments of the PB-based Na
+
 determination 
approach (Chapter 2) and the PB-based K
+–Na+ sequential determination 
approach (Chapter 3) have revolved around both topics; where the PB-ME 









 intercalation. This chapter focuses instead on the 
exploration of the potential application of the PB-ME in another key aspect of 
PB electroanalytical chemistry; i.e. the PB-based hydrogen peroxide sensor.  
The excellent electrocatalytic properties of PB towards the reduction of 
hydrogen peroxide have been well-established [15,44–47]. Such properties 
have been successfully utilized in the development of excellent PB-based 
hydrogen peroxide sensors, the majority of which are amperometric sensors 
based on the technique of amperometry [6,8]. 
The use of additives to improve the analytical performance is common 
in many electrochemical sensors. For example, supporting electrolytes are 
commonly added to the test sample prior to electroanalysis in order to reduce 
solution resistance and electromigration effects, as well as to maintain a 
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constant ionic strength [17]. Individual electroanalytical systems may also 
benefit from the application of specific additives to enhance sensor 
performance, such as the use of enzyme-specific cofactors and mediators in 
different enzymatic sensors [17]. In the case of PB, the selections of cations 
and buffer compositions have been found to be relevant for enhancing the 
activity and stability of PB [85–87].    
Direct analysis of a sample without modification with the relevant 
additives is often challenging due to non-optimal sensor performance. For 
electrochemical sensors constructed from conventional solid electrodes, the 
use of additives is normally achieved through straightforward modification of 
the test sample (Fig. 5.1a). However, this might not be easily achieved in 
gaseous or organic samples [88]. In addition, the use of supporting electrolytes 
could be costly (such as those for organic media) and might lead to problems 
in the subsequent electroanalysis step [88]. Hence the exploration of 
electrochemical cell designs for the direct analysis of samples without prior 
modification has been attractive. Direct sample analyses using microelectrodes 
[89], permeable membrane electrodes [90,91] and electrodes supported on ion-
exchange polymers [92−94] have been demonstrated in the literature [94]. In 
the latter two approaches, the use of the membrane or polymer interface 
allows the supporting electrolyte to be applied separate from the sample to be 
analyzed.   
The PB-ME, or PB-modified Pt-coated nanoporous alumina membrane 
electrode, was a recent development of the Pt-coated nanoporous alumina 
membrane electrode. Earlier studies have revealed that the Pt-coated 
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nanoporous alumina membrane electrode was useful as the interface between 
two solutions for transport- and separation-based applications [30–32]; and 
this could in part be attributed to the high density of uniform, continuous 
nanochannels that stretch across the membrane interface. Hence, as part of a 
further extension of the analytical utility of the PB-ME, the properties and 
potential applications of the PB-ME as an interface could be explored.     
In this chapter, the exploration of a two-compartment hydrogen 
peroxide amperometric sensor design, in which the PB-ME was assigned with 
dual-functions of being the interface between two solution-filled 
compartments and being the working electrode for the reduction (and analysis) 
of hydrogen peroxide, is presented (Fig. 5.1b). Relative to sensors based on 
conventional electrodes (Fig. 5.1a), the two-compartment design introduces an 
additional solution compartment in contact with the working (sensor) 
electrode; which makes it possible to “compartmentalize” the various 
constituents of the original electrolyte solution. A suitable additive for 
enhancing the amperometric response was subsequently identified and used to 
investigate the effects of compartmentalization on the amperometric response. 
Based on the observed effects of compartmentalization, a potential analytical 
utility of the two-compartment design for enhancing the amperometric 
response for the analysis of hydrogen peroxide under direct analysis 
conditions was proposed and evaluated.
*
  
                                                          
* The work presented in this chapter was performed during the course of an exchange program between 
the National University of Singapore and Nanyang Technological University, and the provisions made 




31Fig. 5.1. Diagrammatic representations (not to scale) showing the cross-sectional 
views of (a) a typical experimental setup for electroanalysis involving a sensor based 
on conventional solid electrode; and (b) the general design for the two-compartment 
hydrogen peroxide amperometric sensor explored in this work.   
 
5.2. Experimental 
5.2.1. Chemicals and materials  
Potassium ferricyanide (Merck), ferric chloride (GCE), potassium 
chloride (Scharlau), hydrochloric acid (37%, VWR International), hydrogen 
peroxide (35 %, Alfa Aesar) and Tris buffer (1 M, pH 7, 1
st
 Base) were used 
as received. All solutions were prepared in Milli-Q ultrapure water (Millipore). 
Nanoporous alumina membranes (Anodisc
TM
, 13 mm diameter, 20 nm pore 
size) were obtained from Whatman (Maidstone, Kent, UK). All other 
chemicals were of analytical grade and used without further purification. 
Stainless steel washers (12.5 mm outer diameter, 7 mm inner diameter) were 




Electrochemical measurements were performed with an eDAQ e-
corder/potentiostat in the homemade two-compartment electrochemical cell 
with a 3-electrode configuration comprising a working electrode, in the form 
of either the Pt-coated nanoporous  alumina membrane electrode or the PB-
ME electrode, followed by an Ag/AgCl (1 M KCl) reference electrode and a 
platinum wire counter electrode. The sputter-coating of Pt was done with a 
JEOL Auto Fine Coater (JFC-1600). 
5.2.3. Fabrication of the PB-based two-compartment amperometric sensor 
prototype  
The PB-based two-compartment hydrogen peroxide amperometric 
sensor consisted of the PB-ME electrode sandwiched between two solution 
compartments. The homemade prototype of the two-compartment 
amperometric sensor (Fig. 5.2) was fabricated in the following sequence. 
5.2.3.1. Assembly of the solution compartments 
Each solution compartment was assembled from a cone-shaped plastic 
microfuge tube (1.5 ml capacity) and a stainless steel washer. The tip of the 
microfuge tube was truncated and a rectangular opening (ca. 10 by 5 mm) was 
made at the side of the tube. The truncated end of the microfuge tube was 
inserted through the washer and held in place by epoxy glue. Filing was then 
performed until the truncated end of the microfuge tube was flushed with the 
surface of the washer. 
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5.2.3.2. Fabrication of the Pt-coated nanoporous alumina membrane  
The fabrication of the Pt-coated nanoporous alumina membrane 
followed the procedure described in Chapter 2 (section 2.2.3.1, pg 35). 
5.2.3.3. Assembly of the two-compartment electrochemical cell  
A thin layer of petroleum jelly was applied at the truncated surface of 
the microfuge tube of each solution compartment. The two-compartment 
electrochemical cell was then assembled by sandwiching the Pt-coated 
nanoporous alumina membrane between the washers of the two solution 
compartments with plastic clips. A thin strip of conductive aluminium 
adhesive tape was attached to the washer that was in contact with the Pt 
contact of the alumina membrane to serve as an electrical link between the 
potentiostat and the Pt contact of the alumina membrane.       
5.2.3.4. PB electrodeposition  
The final step of the fabrication of the two-compartment amperometric 
sensor prototype consisted of the electrodeposition of PB at the Pt-coated 
nanoporous alumina membrane electrode to form the PB-ME. The conditions 
and procedure for the electrodeposition were similar to that described in 
Chapter 2 (section 2.2.3.2, pg 35−36), with the exception that the 
electrodeposition was performed in situ using the two-compartment 
electrochemical cell with both compartments filled with the electrodeposition 




For the sake of discussion, the compartment in contact with the Pt-
coated surface of the membrane would be referred to as the outer compartment, 
while the other compartment in contact with the uncoated surface of the 
membrane would be referred to as the inner compartment. The solutions in the 
inner and outer compartments would be referred to as the inner and outer 
solutions respectively. 
5.2.4. Amperometric response towards hydrogen peroxide reduction  
The amperometric response of the PB-based two-compartment sensor 
towards hydrogen peroxide reduction was measured by successive additions of 
hydrogen peroxide solution at an applied potential of 0.0 V under 
hydrodynamic conditions provided by a magnetic stirrer at ca. 700 rpm. The 
additions of the hydrogen peroxide solution were performed at the outer 
compartment unless stated otherwise. The steady-state reduction current I was 
recorded as the analytical signal. The steady-state reduction current I was 
taken to be positive for this study. The compositions of the solutions in the 
inner and outer compartments consisted of varying concentrations of K
+
 (KCl) 
in Tris buffer supporting electrolyte (1 M, pH 7) or ultrapure water; the exact 
compositions of which would be specified at the appropriate junctures in the 





32Fig. 5.2. Photographs showing the assembly of the PB-based two-compartment 
amperometric sensor prototype.   
 
5.3. Results and discussion 
5.3.1. The two-compartment hydrogen peroxide amperometric sensor design 
The proposed compartmentalized amperometric sensor design 
consisted of two solution-filled compartments interfaced by a working 
electrode for the detection of hydrogen peroxide (i.e. an interface-electrode 
sensor). The PB-ME was projected to be applicable as the interface-electrode 
sensor since the PB-ME was amenable to the electrocatalytic reduction and 
detection of hydrogen peroxide; while bulk mixing between the inner and 
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outer solutions could be minimized due to the nanoporous nature of the PB-
ME.  
5.3.1.1. Considerations for the fabrication of the two-compartment sensor 
prototype 
The initial phase of this work involved the construction of the two-
compartment sensor prototype according to the proposed compartmentalized 
sensor design. A particular challenge faced in the use of the Pt-coated 
membrane electrodes based on the Anodisc
TM
 was in the establishment of the 
electrical connection with the leads of the potentiostat without the leads 
coming into contact with the solution in the electrochemical cell. The 
commercially available Anodisc
TM
 alumina membranes come in three 
diameters of 13 mm, 25 mm and 47 mm; and the challenge was more pertinent 
for the Pt-coated membranes based on the 13 mm Anodisc
TM
 membranes since 
there was less space available for the segregation of the solution and the 
electrical connection to the potentiostat. Earlier works on the transport studies 
were based on the commercially available membrane holder for mounting the 
13 mm Anodisc
TM
 membranes [30–32]. The holder was designed with Luer 
inlets and outlets for filtration applications similar to those seen in disposable 
solid phase extraction cartridges. Though applicable for transport studies, the 
commercially available holder was not amenable to the current study since the 
Luer connectors effectively disrupt the propagation of hydrodynamic 
conditions from the solution compartment to the working electrode surface 
within the holder. There was also a homemade electrochemical cell for 
mounting the 25 mm Anodisc
TM
 which was suitable for the current work. 
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However, in this work the 13 mm Anodiscs
TM
 were used instead due to the 
higher costs involved in the use of the 25 mm Anodisc
TM
 and the amount Pt 
required to coat them. Miniaturization of the existing homemade 
electrochemical cell for adaptation to the 13 mm Anodisc
TM
 was unsuccessful 
due to space constraints in establishing the electrical connection to the 
potentiostat. Hence attempts were made at designing a new homemade 




Eventually, a suitable prototype was constructed using some readily 
available materials (Fig. 5.2). Each solution compartment was made from a 
plastic microfuge tube and a stainless steel washer. Segregation between the 
washer and the solution in the compartment was achieved by the wall of the 
microfuge tube. A thin film of petroleum jelly applied at the truncated surface 
of the microfuge tube of each compartment served to prevent solution leakage 
at the interface between the compartment and the Pt-coated Anodisc
TM
. The 
mounting of the Pt-coated Anodisc
TM
 was achieved by clamping it between 
the washers of the inner and outer compartments. The washer of the outer 
compartment was in direct contact with the Pt-coating and electrical contact 
between the Pt-coated Anodisc
TM
 and the potentiostat was thus achieved. With 
this homemade prototype, the 13 mm Pt-coated Anodisc
TM
 could be easily 
mounted between the two compartments with good electrical connection to the 




5.3.1.2. Electrode configuration 
The presence of two solution compartments in the compartmentalized 
sensor design resulted in four configurations for setting up the three-electrode 
electrochemical cell depending on the relative placements of the electrodes in 
the inner and outer compartments. In addition, hydrogen peroxide could be 
introduced at either the inner or outer compartment. Hence before the four 
possible electrode configurations could be evaluated, the compartment for the 
introduction of hydrogen peroxide had to be decided.  
Table 5.2. A comparison of the dependence of the response sensitivity and response 
time on the compartment in which hydrogen peroxide was introduced.   
 
As shown in Table 5.1, it was observed that a shorter response time 
and a higher sensitivity were obtained when hydrogen peroxide was 
introduced in the outer compartment as compared to the inner compartment. 
The results could be rationalized since the outer compartment was in direct 
contact with the Pt working electrode, whereas the inner compartment was 
distanced from the Pt working electrode by ca. 60 µm of alumina channels 
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corresponding to the thickness of the Anodisc
TM
 membrane. Hence for 
achieving shorter response time and higher sensitivity, all hydrogen peroxide-
containing samples and standards were introduced at the outer compartment 
for subsequent experiments; and as such the outer compartment could also be 
regarded as the sample analysis compartment.   
Table 5.3. A comparison of the effects of different electrode configurations on the 
response sensitivity and electrochemical noise towards hydrogen peroxide reduction.  
 
The electrode configuration for the three-electrode electrochemical cell 
was evaluated next. The results of the evaluation are summarized in Table 5.2. 
It was observed that the differences in the relative positions of the electrodes 
had minimal influence on the response sensitivity, though the electrochemical 
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noise was lower for electrode configurations iii and iv. Electrode configuration 
iv was eventually selected since it was preferred that both the reference and 
counter electrodes be positioned in the inner compartment instead of the outer 
compartment (which has been designated to contain the sample for analysis). 
Hence electrode configuration iv was selected and applied in the subsequent 
experiments. Fig. 5.3a shows the finalized design for the proposed PB-based 
two-compartment amperometric sensor for hydrogen peroxide. Similar to 
other PB-based hydrogen peroxide amperometric sensors [8,21,95], the 
amperometric response of the two-compartment sensor towards hydrogen 
peroxide displayed an initial linear dependence towards the concentration of 
hydrogen peroxide (Fig. 5.3b) followed by a deviation from linearity at higher 
concentrations of hydrogen peroxide (Fig. 5.3c). 
 
33Fig. 5.3. (a) The finalized configuration of the two-compartment hydrogen peroxide 
amperometric sensor for subsequent experiments. (b) The initial linear response of 
the amperometric reduction current I of the two-compartment sensor towards 
hydrogen peroxide concentration and (c) a deviation from linearity at high hydrogen 
peroxide concentrations. Conditions for (b) and (c): 0.1 M K
+
 in 1 M Tris pH 7 buffer 
in both inner and outer compartments.
 




5.3.1.3. Selection of an additive for modifying the amperometric response      
To evaluate the effects of compartmentalization on the amperometric 
response of the PB-ME towards hydrogen peroxide reduction, a suitable 
additive capable of modifying the amperometric response was required. It has 
been well-established that the redox interconversions of PB require the 
inter/deintercalation of suitably sized cations to maintain electrical neutrality 
[5,11–13], and the cations of K+, Rb+, Cs+ and NH4
+
 have been identified to be 
suitable intercalators that support the redox interconversions of PB [11,12]. It 
has been reported by Karyakin et al. that K
+
-based carrier streams are 
recommended for the operation of PB-based flow-injection hydrogen peroxide 
sensors [86]; and the use of K
+
-based supporting electrolytes is relatively 
common in PB-based hydrogen peroxide amperometric sensors. Hence K
+
 was 
shortlisted for evaluation as a potential additive for studying the effects of 
compartmentalization. 
It has been reported that the generation of OH
–
 during the reduction of 
hydrogen peroxide led to the loss of PB from the electrode which resulted in 
the need to stabilize the pH of the solution [85]. As a result, buffers with pH 
ranging from 1.7 to 7.4 [85,95−97] have been used in conjunction with PB-
based hydrogen peroxide sensors. Phosphate buffers are quite commonly used; 




 which could affect the evaluation 
of K
+
 as a potential additive for the intended purposes of this study. Further, 
KCl or NaCl are also common supporting electrolytes used. Hence there was a 
need to select a buffer and supporting electrolyte that did not contain alkali 
metal cations.  
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From the work presented in the first two chapters, Tris buffer (pH 7) 
had been found to be a suitable supporting electrolyte for investigating the 
redox interconversions of PB. The pH of 7 was also suitable for PB-based 
hydrogen peroxide amperometric sensors [96]. Therefore in this current work, 
Tris was selected for its properties as a buffer and supporting electrolyte. 
Henceforth, all solutions in both inner and outer compartments would be 
prepared in a constant background of 1 M Tris pH 7 buffer unless stated 
otherwise.  
Fig. 5.4 shows the effects of three different concentrations of K
+
 on the 
amperometric reponse of the two-compartment sensor towards hydrogen 
peroxide reduction. It was observed that the sensitivity of the amperometric 




 was suitable as an 
additive for the evaluation of the effects of compartmentalization.  
 
34Fig. 5.4. Graph showing the amperometric reduction current I of the two-
compartment sensor towards hydrogen peroxide in the presence of three K
+
 
concentrations of 10, 50 and 100 mM. 
 




5.3.2. Influence of the inner compartment on the amperometric response        
 In comparison to amperometric sensors based on conventional solid 
electrodes, the two-compartment design introduced an additional solution 
compartment to the electrochemical cell. An evaluation of the influence of the 
additional compartment on the amperometric response could provide some 
insight into the effects of compartmentalization. Since the outer compartment 
had already been designated as the sample analysis compartment, the inner 
compartment was designated as the additional compartment to be evaluated. 
The response of the two-compartment sensor was then measured under the 
conditions in which the additive K
+
 was present in the inner compartment only 
(Fig. 5.5).   
 
35Fig. 5.5. Graph showing the amperometric reduction current I of the two-
compartment sensor towards hydrogen peroxide in the presence of three K
+
 
concentrations of 10, 50 and 100 mM in the inner compartment only. 
 
 Interestingly, the effects of K
+
 on the sensitivity of the amperometric 
response towards hydrogen peroxide remained observable, even though the 
two entities (K
+
 and hydrogen peroxide) were in different compartments. This 
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could be attributed to the porous nature of the PB-ME, which resulted in the 
local environment around the working electrode at the interface to be 
subjected to the influences of the solution compositions of both the inner and 
outer compartments. 
However it was also observed that the effects of K
+
 on the sensitivity 
were reduced in comparison to when K
+
 was present in both compartments; 
which could be rationalized since the local environment around the working 
electrode sensor was subject to the influences of both solution compartments. 
The sensitivity obtained under conditions when 100 mM K
+
 was present in 
both compartments was selected as the basis for comparison in this work since 
such concentration of K
+
 is commonly seen in PB-based hydrogen peroxide 
sensors and comparison of the effects of compartmentalization based on such 
conditions might be more relevant. Fig. 5.6 shows the results of the 
comparison against the sensitivity obtained when the same concentration of K
+
 
(100 mM) was present in the inner compartment only; which was ca. 79 ± 3 % 
of the sensitivity when 100 mM K
+
 was present in both compartments, though 
this difference might be offset by increasing the concentration of K
+
 in the 
inner compartment. It was also observed that apart from the reduction in 
sensitivity, there was no indication of significant differences in the upper limit 
of linearity for both configurations. 
The results obtained thus far suggested a potentially advantageous 
feature of compartmentalization; where the composition of the additional 
(inner) compartment could exert a beneficial influence on the electroanalysis 
of hydrogen peroxide in the other compartment. More specifically, the results 
 126 
 
suggested the inner compartment could potentially be used as a “tuning” 
compartment to enhance the sensitivity of the amperometric response towards 
hydrogen peroxide reduction without having to modify the sample in the outer 
compartment. 
 
36Fig. 5.6. A comparison of the response of the amperometric reduction current I of the 
two-compartment sensor towards hydrogen peroxide when 100 mM K
+
 were present 
in both inner and outer compartments (blue) against when the same concentration of 
K
+
 was present in the inner compartment only (red). Top-left inset: A comparison (n 
= 3) of the response sensitivity of the sensor when 100 mM K
+
 was present solely in 
the inner compartment (red) relative to when the same concentration of K
+
 was 
present in both compartments (blue).  
 
5.3.3. Evaluation of the enhancement in response sensitivity provided by the 
tuning compartment  
The abovementioned feature of compartmentalization to enhance the 
sensitivity of the sensor response towards hydrogen peroxide without having 
to modify the sample is notably interesting. For most amperometric sensors, 
direct analysis of samples without modification with supporting electrolytes 
and other relevant additives could potentially result in low sensor response 
sensitivity. This in turn prevents such amperometric sensors from tapping in to 
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the benefits of direct sample analysis; which include reduced sample 
preparation, shorter analysis time, higher throughput and reduced use of 
supporting electrolytes and other relevant additives. Hence a potential 
analytical utility of the two-compartment amperometric sensor design could be 
for improving the response sensitivity in the analysis of hydrogen peroxide 
under direct analysis conditions.    
Based on the results obtained thus far, it was likely that the inner and 
outer compartments could be strategically utilized for the direct analysis of 
hydrogen peroxide as follows. The outer compartment would retain its 
designation as the sample analysis compartment for containing the sample for 
analysis. The inner compartment would be designated as the additional tuning 
compartment containing the relevant chemicals for the enhancement of the 
response sensitivity; which for the current study were K
+
 (additive) and Tris 
(buffer and supporting electrolyte).   
To investigate the potential contributions of the two-compartment 
sensor design to the direct analysis of hydrogen peroxide, the inner and outer 
compartments were used, according to their designated roles of tuning and 
analysis compartments respectively, in a proof-of-concept study pertaining to 
the direct analysis of hydrogen peroxide in aqueous samples. The proof-of-
concept study was focused on aqueous samples where the direct analysis of 
hydrogen peroxide is relevant for applications such as clinical diagnosis 
[98,99], environmental monitoring [100,101] and quality control of beverages 
[102]; though hydrogen peroxide analysis in non-aqueous media is also 
relevant [103].   
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In the proof-of-concept study, the response of the two-compartment 
sensor towards hydrogen peroxide was evaluated in ultrapure water. Ultrapure 
water possesses a combination of high electrical resistivity (ca. 18 MΩ cm) 
along with the lack of the relevant chemicals for PB-based hydrogen peroxide 
analysis. Hence, through the results on the sensor response towards hydrogen 
peroxide in ultrapure water, the extent of the sensitivity enhancement made 
possible by the tuning compartment in aqueous samples which are normally 
not amenable to amperometric hydrogen peroxide analysis without prior 
modification with supporting electrolytes and relevant additives could be 
gauged.     
The results of the proof-of concept study are summarized in Fig. 5.7. 
As was expected, without assistance from the tuning compartment (the tuning 
compartment was filled with ultrapure water), a poor sensor response with low 
response sensitivity was obtained in ultrapure water (configuration i). An 
increase in the response sensitivity by ca. 2.6 fold was observed when the 
tuning compartment was filled with 0.1 M K
+
 in a background of 1 M Tris 
buffer (configuration ii). Further enhancements in the sensitivity could be 
achieved by increasing the K
+
 concentration in the tuning compartment. 
Increments in the sensitivity by ca. 6 and 8 folds were observed as the 
concentration of K
+
 in tuning compartment was increased to 0.5 M 
(configuration iii) and 1.0 M (configuration iv) respectively. Interestingly, for 
the sensor response towards hydrogen peroxide in ultrapure water, a ten-fold 
increase in the K
+
 concentration of the tuning compartment (from 0.1 to 1.0 M) 
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was required to match that obtained in 1 M Tris pH 7 buffer (configuration v); 
which shows the challenges in the analysis of samples with low conductivity. 
 
 
37Fig. 5.7. (a) A comparsion of the amperometric current response I of the two-
compartment sensor towards hydrogen peroxide under different operational 
configurations. i represents the analysis of hydrogen peroxide in the sample of 
ultrapure water under direct analysis conditions. ii – iv shows the effects of the inner 
(tuning) compartment in enhancing the response sensitivity for the direct analysis of 
the ultrapure water sample in the outer (sample analysis) compartment. v (when 
compared to iv) shows the additional amount of K
+
 needed when the sample was not 
modified with Tris supporting electrolyte; while vi represents the analysis of the 
sample after direct modification with K
+
 and Tris supporting electrolyte. (b) Chart 
showing the percentage sensitivity of the amperometric response for i – v relative to 




In addition, the difference between the response sensitivities obtained 
for configurations vi and i as shown in Fig. 5.7b is a representation of the 
difference between hydrogen peroxide analysis in low conductivity samples 
with and without modification respectively; while the configurations ii to iv 
show the contributions of the tuning compartment in mitigating such 
difference. 
Overall, the results indicated a notable contribution by the tuning 
compartment to the enhancement of the response sensitivity in the challenging 
medium of ultrapure water; and suggested the tuning compartment result of 
the two-compartment sensor design is likely to remain relevant for increasing 
the sensitivity of the direct analysis of hydrogen peroxide in aqueous samples 
of low conductivity without prior modification. 
5.3.4. Limitations of the current two-compartment amperometric sensor based 
on the PB-ME   
 Though the tuning compartment of the two-compartment design was 
able to enhance the response sensitivity towards hydrogen peroxide in the 
ultrapure water medium, the extent of enhancement was still under par in 
comparison to the conventional approach of direct sample modification. From 
Fig. 5.7, it could be observed that through direct modification of the ultrapure 
water medium with 0.1 M K
+
 in 1 M Tris supporting electrolyte (configuration 
vi), the response sensitivity obtained was ca. 4 times that obtained when the 
same composition was present in the tuning compartment only (configuration 
ii). Even with a ten-fold increase in the K
+
 concentration of the tuning 
compartment to 1 M (configuration iv), the sensitivity obtained was still less 
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than that for direct modification (with just 0.1 M K
+
) by 20 %. The limitation 
on the extent of sensitivity enhancement by the tuning compartment was likely 
due to the PB-ME interface used. Due to the design of the PB-ME, one 
compartment (the outer compartment) would be in direct contact with the 
working electrode sensor, while the other compartment (the inner 
compartment) was distanced from working electrode sensor by ca. 60 µm of 
alumina channels corresponding to the thickness of the Anodisc
TM
 membrane. 
The use of the outer compartment as the tuning compartment would be 
preferred, but was not feasible since the outer compartment would be more 
useful as the sample analysis compartment in order to achieve a higher 
sensitivity. Hence the PB-ME based on the Anodisc
TM
 might not be 
particularly suited for application as the interface-electrode in the two-
compartment hydrogen peroxide amperometric sensor design.     
5.3.5. The analytical utility of the two-compartment amperometric sensor 
design 
The material presented thus far in this chapter has described the key 
observations and results for the study on the PB-based two-compartment 
hydrogen peroxide amperometric sensor design which was conducted during 
the duration of the exchange program. Herein, the positioning of the obtained 
results within the broader context of PB-based hydrogen peroxide sensors is 
described.    
The limit of detection is an important parameter in the development of 
chemical sensors. For analytical methods based on a calibration curve, the 
limit of detection can be defined by the following equation [54]. 
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Limit of detection = k(sb/m)       (5.1) 
where m is the calibration (response) sensitivity, sb is the standard deviation of 
the blank and k is a constant usually taken to be 3.  
 Improvement in the limit of detection for PB-based hydrogen peroxide 
sensors is highly relevant and is an area of active research. Through the 
material-orientated approach involving the controlled synthesis of PB [104–
106], the sensitivity of the amperometric response towards hydrogen peroxide 
has been enhanced along with a consequent improvement in the limit of 
detection as described by Eq. (5.1). The limit of detection estimated for the 
proposed two-compartment hydrogen peroxide sensor based on the 
configuration of 0.1 M K
+
 in 1 M Tris buffer in both compartments was 
estimated to be ca. 90 µM which was not comparable with the sub-micromolar 
detection limits seen in many state-of-the-art PB-based hydrogen peroxide 
sensors in the literature [8]. However, the current study remained relevant in 
the demonstration of the two-compartment sensor concept of using an 
additional tuning compartment result of the PB-ME interface-electrode to 
enhance the response sensitivity for the direct analysis of hydrogen peroxide 
in samples without prior modification. Looking ahead, the two-compartment 
sensor design is likely to find increased relevance when incorporated with the 
state-of-the-art PB-based hydrogen peroxide sensors in the literature, or with 
further exploration of improved interface-electrode designs. 
5.4. Concluding remarks 
In this chapter, the results of attempts at the exploration of a PB-based 
two-compartment hydrogen peroxide amperometric sensor are presented. The 
two-compartment design featured the PB-ME as the interface-electrode sensor 
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which functioned as the interface between two solution-filled compartments 
and as the working electrode sensor for the electrocatalytic reduction and 
detection of hydrogen peroxide. The additional solution compartment 
introduced by the two-compartment design was useful as the tuning 
compartment to enhance the response sensitivity towards the analysis of 
hydrogen peroxide introduced at the other (sample analysis) compartment; and 
this was achieved through the use of K
+
 and Tris supporting electrolyte in the 
tuning compartment. Notable enhancements by the tuning compartment in the 
response sensitivity towards hydrogen peroxide in ultrapure water medium 
(contained in the sample analysis compartment) were observed. The results 
suggested the additional tuning compartment introduced in the two-
compartment design could exert an enhancing effect on the sensor response 
sensitivity and is likely to useful in the direct analysis of aqueous samples for 
hydrogen peroxide without prior modification, though further exploration of 
improved interface-electrode sensor designs to improve the sensor 




















Conclusion and future work 
 
This dissertation has presented the results of attempts at the exploration 





intercalation process and the PB-ME electrode design, for the development of 




 and hydrogen peroxide. 
In this chapter, a summary of the results would be presented along with a 
description of some areas for future work.  
6.1. Summary of results  




 intercalation in Chapter 2 had 





 under slow scan rate CV conditions. Characterization of the CV response 









intercalation likely involved a 2K
+
: –1Na+: 1e– process. The process was also 
highly size-selective and required a cation that was just slightly larger than the 
nominal size of the zeolitic pores of the PB lattice. Based on the findings of 
Chapter 2 and the findings of several reports in the literature, an inhibition 









 were also found to be 
dependent on the applied CV scan rate. In Chapter 4, an additional peak result 
of the process of direct K
+
 intercalation could be obtained in the CV response 




 through increment of the applied scan rate. 
The processes of direct K
+












 intercalation to direct K
+
 intercalation with increasing scan 
rate. The results were then used to build upon the inhibition model of Chapter 










 intercalation process 
and the availability of a suitable analytical signal (Epc) were also found to be 
useful for the development of a PB-based electrochemical sensor for Na
+
. The 




 intercalation process was further 




 in Chapter 3. Using the 










intercalation. The two-peak response of Chapter 4, result of the processes of 
direct K
+




 intercalation, was also amenable 




 via the proposed one-step 
simultaneous determination approach. In addition, the two-peak response was 
also useful as an initial screening assessment to augment the PB-based Na
+
 
determination approach and PB-based K
+–Na+ sequential determination 
approach of Chapters 2 and 3.    
The proposed two-compartment amperometric sensor design of 
Chapter 5, which featured the PB-ME as the interface-electrode sensor, was 
also relevant for the direct analysis of hydrogen peroxide. The additional 
solution compartment result of the two-compartment design could be used as a 
tuning compartment through addition of the relevant additives for PB-based 
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hydrogen peroxide reduction (K
+
 and Tris buffer supporting electrolyte). 
Enhancements in the sensitivity of the sensor response towards hydrogen 
peroxide in the other (sample) compartment comprising of just ultrapure water 
was achieved, though the two entities (additives and hydrogen peroxide) were 
in different compartments; and suggested the two-compartment sensor design 
could be relevant for the direct analysis of hydrogen peroxide in aqueous 
samples without prior modification.     
6.2. Future work 
It is believed that the material presented in this dissertation has 




 intercalation at PB; 




 intercalation to 
extend the analytical utility of PB-based sensors to Na
+
 analysis and K
+–Na+ 
dual-analyte analysis. It is also envisioned that the material presented has 
provided further information on the potential analytical applications of the PB-
ME electrode design.  




 intercalation was relatively recent 
and admittedly, the results presented in this dissertation could be considered as 
initial preliminary findings and there remain several areas for future work 
which are presented as follows.  





 could be considered as an informed hypothesis based predominantly on 
the results of CV analyses and available information in the literature. Further 
exploration and confirmation of the details of the interactions involved is a 
potential area for future work, the results of which are likely to further 
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in turn is likely to further extend or enhance the analytical utility of PB-based 
sensors.  
Also, the material presented in this dissertation on the proposed PB-




 had been limited to 















. However, further exploration of the proposed approaches would be 
required as part of future work before they could be applied in real samples.  





would be beneficial, and these could possibly be achieved through exploration 
of other more quantitation-oriented electroanalytical techniques, such as 
differential pulse voltammetry or square wave voltammetry. Also, real 





, such as viscosity of the matrix and the presence 
of potentially interfering species. Hence, interference studies should be 
conducted to evaluate the effects of the sample matrix and sample 
pretreatment or analytical separation procedures should be considered to 
facilitate the subsequent analysis step. Sample digestion and extraction 




 into the aqueous phase 




Further, moving beyond PB, the exploration of inhibitory non-
intercalators could also be attempted in the analogues of PB, such as nickel or 
copper hexacyanoferrate.   
For the work on the two-compartment hydrogen peroxide 
amperometric sensor, some aspects of the PB-ME design could be improved to 
enhance the analytical performance of the sensor. A shortcoming of the PB-
ME design was that the inner compartment was distanced from the working 
electrode by ca. 60 µm of alumina channels corresponding to the thickness of 
the Anodisc
TM
 membrane template used in the PB-ME design. This reduced 
the influence of the inner compartment on the local environment around the 
working electrode and consequently reduced the extent of sensitivity 
enhancement by the inner (tuning) compartment during the direct analysis of 
samples. Hence the exploration of templates with reduced thicknesses for use 
in the PB-ME design is a potential area of future work. Also, the fabrication of 
the PB-ME could also be improved to increase the response sensitivity 
through adaptation of the results of the material-orientated approach of 
controlled PB synthesis from the literature. Finally, the exploration of other 
interface-electrode designs beyond the PB-ME for the two-compartment 
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